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ABSTRACT

Of all large space structural systems, space statiéns present a
unique challenge and requirement to advanced control'technolbgy. Their
operations require control system stability over an extremely broad range
’ of parameter changes and high level of disturbances. During shuttle
docking the'system mass may suddenly increase by more than 100% and during
station assembly the mass may vary even more drastically. TheSeAcoupled
with the inherent dynamic model uncertainties associated witﬁ large space
structural systems require highly sophisticated control systems that can
grow as the stations evolve and cope with the-uncertainties and time-
varying elements to méintain the stability and pointing of the space
stations.

This report first deals with the aspects of space station operational
properties including configurations, dynamic models, shﬁttle docking
contact dynamics, soiar panel interaction and load reduction to yield a
set of system models and conditions. A model reference adaptive control
algorithm along with the inner-loop plant augmentation design for
controlling the space stations under severe operational conditjons of
shuttle docking, excessive model parameter errors, and model truncation
are then investigated. The instability problem caused by thé zero-
frequency rigid body modes and a proposed solution using plant augmentation
are addressed. Two sets of sufficient conditions which guarantee tlie
globally asymptdtic stability for the space station systems are obtained.

The performance of this adaptive control system on space stations

is analyzed through extensive simulations. Asymptotic stability, high

iii




rate of convergence, and robustness of the system are observed under the
above-mentioned severe conditions and constraints induced by control hard-
Qare saturation. -It is dlso‘found that further actuation level reductions
can be achieved by using model switching and disturbance modeling

techniques.
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CHAPTER 1
INTRODUCTION

1.1 Adaptive Control and Large Space Structures

Mogst of the well-developed control theory, either in the
frequency domain or in the time domain, deals with systems whose
mathematical representations are completely known. However, in many
practical situations, the parameters of the systems are either poorly
known or time-varying. In such situations the usual fixed-gain
controller will be inadequate to achieve satisfactory performance in
the entire range over which the characteristics of the system may
vary.' Hence, some type of monitoring of ‘ihe s&stem's behavior,
followed by the adjustment of the control input, is needed and is
referred to as adaptive control. In other words, while a
conventional control system is orienfed toward the elimination of the
effects of state pettufbations, the adaptive control system is
oriented toward the elimination of the effects of structural
perturbations upon the performance of‘the control system.-

Model Reference Adaptive Control (MRAC) and Self Tuning
Regulators (STR) are two principal approaches to the adaptive control
problems. In MRAC, the objective is to make the output of an umknown

plant asymptotically approach that of a given reference model which

specifies the desired performance of the plant. With STR, a controller
for a plant with assumed parameters is first chosen and the control
gains are then updated with the recursively estimated parameters of the

unknown plant.




MRAC can be claésified into the following two types based on the
adaptation method used: | ‘

(1) 1Indirect Control, in which the plant parameters are
estimated and these 1in turn are wused to adjust the
controller parameters to meet the pe;formance requirement
dicta;ed by the reference model.

(1i) Direct Control, in which no effort is made to identify the
plant parameters, the control  parameters are adjus;ed
directl& so that .the e;rbr between the plant outputs and
the model outputs approaches zero asymptotically.

Since the adaptive conﬁrol systems are highly nonlinear closed-
loop feedback systems, there 1s a distinct 4possib111ty that such
systems can become unstable. 1In fact, the proof of global stability
of adaptive control schemes had been a long standing problem for two
decades and was not resolved uﬁtil around 1979-1980. One 1ideal
application ére; for-adappivercontrol is in large spéée gtructures
(LSS). The purposes of applying adaptive control to LSS are to
redﬁce the strﬁctural and parameter sensitivities of the controller.
This is due to the fundamental difficulties of obtaining an accurate
model for a distributed parameter system. One. often has to
. deai with linéarized reduced-order models; hence, a great deal
of uncertainties in the mathematical model describing the dynamics of
LSS exist. 1In addition, time variation in the parameter values are

quite common in LSS environments. Slow time-varying effects may be




caused by structural settling, thermal distortions, or reorientations bf.
system or subsystems. Spontaneous changes can also happen,
especially for space stations.
1.2 Objectives and Motivations

After the space shuttle, the next major space endeavor will be a
permanent manned space statiqn. The launching of an initial space
station is planned for the early 1990's. By virtue of its mission and
function, the space station is a large space structure with a very unique
operational enviromment. As such, it suffers the same drawbacks as other
large space structures. These are related to its large size, flexibiliﬁy,
and the way it is built and deployed. The size and flexibility prevent it
from comprehensive ground measurement and test, which implies that pre-flight
knwoledge of the spacecraft dynamics will be far from precise. In-flight
system identification will enhance out knowledge on flight
dynamics but it cannot totally eliminate the model ‘parameter
uncertainites. Structural flexibility implies infinite dimensionality;
hence, model truncation is inevitable. With current téchnology,
only a relatively small number -of states can be handled Ain
control design and state estimation. Previous studies of control
of large spaée antennas, for instance, have concluded; that
destabilization c#n .océur when fhé paraméfers of a de;ign model i
deviate from those of the actual plant by a significant amount

f1,2]. In addition to model errors, dynamic disturbaﬁces.of many




orders of magnitude greater than those of the conventional
spacecraft will be routine for space stations. Shuttle docking can
cause an 1instantaneous change of mass of more than 100Z accompanied
by a high intensity shock 1load. Station assembly, payload
articulation, ;rew mo;ion, launching and retrieving of satellites,
etc., will all contribute to disturbance and- model parémeter
variations. The adaptive control problems for space stations are
summarized in Fig. 1. Although fixed-gain robust control designs can
desengitize the system performance, it is only effective-to a limited
extent, i.e., for cases where parameter values deviate slightly from
their nominal values [3]. All these have motivated us to investigate
the feasibility of applying adaptive control techniques to space
stations to maintain the stability and pointing.
1.3 Literature Review

Indirect adaptive control was first proposed by Kalman [4] in
1958, The control task may be divided 1into two parts: a
prestructured controller and ; recursive plant ideﬁtification

scheme. The parameter estimates are used by the controller to

compute appropriate control actions. Feldbaum [5] called this dual

control because of the two steps involved in finding the control. 1In
Ref. 6 Iserman et al. compared six on-line identification and
parameter estimation mefhods that can be used for indirect control.
Ljung ([7,8] has proposed a general technique for analyzing the
convergence of discrete-time stochastic adaptive algorithms, yet the
problem of boundedness has not been resolved. More recently, Landau

[9] and Martin-Sanchez [10] have proven the stability of certain
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types of 1indirect adaptivé controllérs. These results had been
extended by Johnstone {11] in 1979. Narendra and Valavani [12]
derived, in 1979, some indirect adgptive control laws by employing a
specific controller structure and the concept of positive realness
and showed that these laws are identical to those obtained in the case
of direct control. Goodwin [13] has utilized a projection algorithm to
obtain a class of globally convergent adaptive algorithms in 1980 and
established global convergence of a stochastic adaptive control
algorithm for discrete-time linéar systems [14] in 1981,

Direct adaptive control wa§ first desiéned using the performance
index minimization method proposed by Whitaker [15] of ' the MIT
Instrumentation Laboratory 13‘1961 and has since then been referred
to as the MIT design rule. The performance indgx ugsed 1s the
integral square of the response error. An improved design rule with
respect to the speed of response hadv been proposed in 1963 by
Donalson et al.A[16], who héed a more general performance index than
that of Whitaker. Winsor [17] had also modified the MIT rule in 1968
to reduce the response sensitivity to the loop géin, at the expense
of additional instrumentation. Although some progress was made then,
none of the design rules mentioned so far are globally stable. From
'then on, stability has become a major concern for subsequent studies.

The most common application of stability theory to direct MRAC
had been Lyapunov's second method. The adaptive rule is obtained by
‘selecting the design equations to satisfy conditions derived from
Lyapunov's second method. Butchart -and Shackcloth [18] first

suggested the use of a quadratic Lyapunov function, which was




employed later in 1966 by Parks [19] to redesign 'a system formerly
. designed by the MIT rule. The use of a different Lyapunov function
by Phillipson [20] and Gilbart et al. f21] has resulted in the
introduction of feedforward loops that would improve the damping of
adaptive response: Unfortunately, all these algorithms are difficult
to realize 1in practice because of the réquirement of measuring the
entire scate.vector, which 1is often impossible.

Landau [22] was the first one to apply Popov's hyperstability
criterion [23] to-m&iti-input multi-output continuous MRAC systems
subject to perfect model following condifions. He also used the same
technique to treat the discrete-time MRAC problems [24,25]), as did
Bethoux et al. [26). Anderson has given a lucid proof of Popov's
hyperétability ériterioﬁ in Ref. 27. An important contribution was
made by Monopoli [28] (1974), who proposed an ingenious control
scheme for continuous single-input single-output systems involving an
auxiliary signal fed into the reference model and a corresponding
augmented error betwegn the médel and the plant outputs, so that the
use kof pure differentiators 1in the algofithm can be avoided.
However, as poiﬁted out in Ref. 29 (1978), the arguments given in kgf.
28 concerning stability are incomplete. Following the augmentéd
error signal concept, Narendra [30] (1978) and [31] (1980) and Morsé [32]
(1978) arnd [33] (1980) succeeded in designing globally stable, asymﬁtotic
_output tracking algorithms for continuous single-input single-output
systems. Both Narendra and Morse have assumed that the relative
degrees of the plant transfer function are known. Besides,'uorse's

algorithm is much too complex for use in practical applications. The




application of augmentéd error fechnique to disérete—time single-
input single-output systems was made by Ionescu [34], Narendra [35]
and Suzuki [36]. Johnstone et al. [37] have extended Suzuki's
technique to solve some simple non-minimum phase problems by
optimizing an augmented optimization criterion. Goodwin [13] took a
different approach. Instead of relying upon the use of augmented
errors or éuxiliary inputs, he used the projection theorem to
.establish the global convergence of a class of adaptive control
algorithms'for discrete-time deterministic liﬁear multi-input multi-
output systems.

Narendra and Valavani have proved that the direct and indirect
gontrol would ar:ive at the same result [38]. Using a typical error
model, they alsd found that when all the signals in the plant are
uniformly bounded, hyp;tstability and asymptotic hyperstability are
achieved wunder exactly the same conditions as stability and
asymptotic stability in the sense of pyapunqv’[39]. i

rrrﬁoéf stabilityi-érooéé 'f;;” &1rect model )référenc;” ;daﬁzive
control systems have been restricted to single-input single-output or
‘at best, multi;input singie—o&tpﬁt systems [40] (1575). Results
‘pertaining to direct MRAC for multi-input multi-output continuous
systems which do not satisfy the perfect model following conditions
are limited. Also, the assumption made by the above algorithms that
the relative degrees (difference between the number of poles and
zeros) of the plant are known is too restrictive from the engineering

point of view.



One particular adaptive control algorithm applied to multi-input
multi-output (MIMO) systems was propqséd by Sobel et al. [41] (1979)
[42] (1982). Using the Command Generator Tracker (CGT) law developed
by Broussard [43] and a direct Lyapunov stability approach, they
designed a direct MRAC aigorithm that, without the need for parameter
identification, forced the ‘error between fhe outputs of plaﬁt and
model (which need not be of the same order -as the plant) t§ approach
zero. Like all other MIMO adaptive control algorithms, this one also
réqui:es that the number of controls equals the number of outputs and
the plant input-output transfer function matrix is strictly positiﬁe
real for some feedback gain matrix. o

As faf as applications of adaptive control to large space
structures 1is coﬁcerned, direct control 1is superior to indirect
control, Since large space structures are infinite- dimgnsional,
the identification of all or é large number.of pérameters of tﬁe
plant is clearly impossible or unfeasible. As described in Ref. 44,
the adaptive controller must then be based on a reduced-ordér model
(ROM) whose order is substantially lower ;han that of the plant.
However, when the adaptive controller operates in closed-loop with
the_plant, it interacts with the unmodeled residual subs&stems, fhis
may cause great difficulties or disastrous problems [45].

The literature which deals with the application of adaptive
control to large space structures is very limited. This is due to
the difficulties associated with LSS in both the modél truncations

and parameter uncertainties.

and



Rohrs et al. [46] (1982) deveioped a: méthod of analyéing
stability- and 'tbbustness properties :of a wide class of adaptive
control algorithms for systems that have unmodeled dynamics and
output disturbances. According to their investigation, none of the

~algorithms they tested including those of the widely recognized
researchers are stable under these conditions.

Bar-Kana et al. [471 (1983) applied and extended the algorithm
proposed by Sobel et al. [42] to the control of large space
sftuctural syétéms, in which they have treated the problems of
unmodeled dynamics and other model uncertainties. This work also
suffers from some drawbacks, e.g., 1; cannot handle. rigid body modes
which always play an important role in large space sructural systems;

" the design and analysis arev specific to the control of a simply
supported. beam while LSS are usually much more complex; the
sufficient conditions for stability are too restrictive, etc. All
these necessitéte further - investigation for the application of
adaﬁtive é;nfrbi fo iargé épacérstructures in genefal, and to space
sgations in particular.

1.4 Outline §f7Thi§ Réport

In Chapter 11, two space station configurations and their mass
properties are described. Finite-element. dynamic models fpr both the
twﬁ—panel and -four-panel station configurations are developed in Chapter
ITII. 1In Chapter IV, the adaptive control proﬁlem is formulated. The
control structure 1is adaressed in Chapter V.. In Chapter Vi, a,di;ect

model reference adaptive controi‘algorithm together with the plant

augmentation design is presented and. two sets of sufficient

10



conditions for asymptotic stability of the system are derived. In
Chapter VII, extensive performance analyses through simulation are

discussed, and conclusions are summarized in Chapter VIII.

11



CHAPTER 1I

CONFIGURATIONS AND MASS PROPERTIES OF SPACE STATIONS

During the last few years, many space station configurations have
been proposed and studied. The configuration dévelopment is indeed an
evolutionary process, since there are so many factors that need to be
cdnsidered and assessed against various configuration concepts [48,49].

Two configurations have drawn particular attention -- the NASA
Space Station Task Force Initial Operation Center (IOC) Baseline Configu-
ration and the Concept Development Group (CDG) Split-Module Planar Configu-
ration [49]. They are also referred to as the two-panel baseline
configuration (or 6 degree—of—freeaom model) and four-panel planar

configuration (or 19 degree-of-freedom model), respectively, hereafter.

2.1 Two-Panel Baseline Configuration

Figure 2 shows the Task Forée I0C Baseline Configuration wﬁich
;as developed SyAthe Space Station Task Force with the jeﬁ Propulsio;
Laboratbry. The system dynamics of this configuration is dominated
by the two véry 1arge solar panéls measuring 250 ft x 40 ft and
weighing 4000 lbs each on the ground; It also has a 50 ft x 10 ft
radiator panel, a central bus structure consisting of a resource
module, habitat module, logistics module, laboratory ﬁodule, berthing
truss, payloads, etc. The entire station weighs 134,000 1lbs. = Note

that the lighter weight of this configuration compared with that of

the four-panel configuration is due to the fact that fewer modules.

12
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were considered for this configuration rather than the structural
differences between the two concepts.

The moments of inertia for this configuration are I, =
8.75x108 slug-ft?, I, = 1.58x10® slug-ft?, and 1,, = 8.60x10°

slug—ftz. Due to the asymmetric design, the products of inertia are

quite high, I, = -9.57x10% slug-ft2, I,, = -4.89x10% slug-ft2, and

Xy yz
Iy, = 5.18xi0“ slug-ft2, With the selection of the reference
coordinafes'as shown in Fig. 2, the center of mass has a high bias of
X = 27 ft, Y= -2.3 ft, and Z = 5 ft,

Figure 3 shows a similar configuration with additional modules
and payloads attached. The 6 degree-of-freedom (DOF) dynamic model
that is developed in Chapter III and used extensively for feasibility
analysis is based on the mass properties of the configuration showmn
in Fig. 2. As far as dynamic properties are concerned, the 6-DOF
model is closer to that illustrated in Fig. 4.

" 2.2 Four-Panel Planar Configuration [48,49]

Figure 5 shows a version of the CDG Split-Mddule Planar
Configuration. The basic difference between this configuration and
~ that of-Fig. 2 is that this configuration consists of 4 smaller solar
panels (100 ft x S50 ft) and 4 larger radiator panels (70 ft x 20 ft)
and, in addition, this configuration is a dynamically balanced design
with structural symmetry. Since the solar panels are of much smaller
size and a more reasonable aspect ratio, the structural strength
improves and the fundamental modal frequencies increase.

The main structure of this configuration measures 280 ft in

length and; it supports two resource modules, several pressurized

14
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Figure 4 10C Baseline Configuration Closest to the 6-DOF Dynamic Model
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modules, a 30-ft service truss, and payload.'s. The pressurized
modules are sized 22 ft x 14 ft diameter determined by the space
shuttle payload bay size. The solar panels are hinged to rotate
about the ﬁxes parallel to roll (X) and pitch (Y) axes, respectively,
for solar inertial pointing. The radiators are also hinged for
articulation, and the core or the bus of the station is pointed to
the nadir direction. Again due to 1its large size gnd flexibility,
the solar panels are the dominant factor for -the flexible body
dynamics.

Referring to Fig. 5, Table 1 1lists the dimensibns and masses of
the major components. Using the body coordinates with origin placed

‘at the geometric center of the station, the center of mass is,
Y MX
) 11

Xcm =
| %Mi |

= - 1,235 ft

2 Mz

zcm = -
P

= 0
The self moments of inertia of each component are comput'e_d using

the mass and dimension data shown in Table 1. Each of the components

falls in one of the three basic structures —— a rectangular plate, a

rectangular cube, or a right cylinder. For simplicity, all the

‘ component masses are assumed uniformly distributed throughout the

18




respective component structure. ‘Table 2 shows the self moments of
inertia for each component and Table 3 shows the component moments of
"inertia with respect to the center of the reference frame which is

also the center of mass if we ignore the small offset along the X-axis. -

19
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CHAPTEk III
DYNAMIC MODELS FOR SPACE STATIONS

The development of space ‘station control technology requires .

results of the following nature:
(1) First - order assessment of problems that will have
significant effects on the space station designs. In order
to guide the concept formulation and design, these types of
results must be generated at a high rate of return.
(2) Analysis of problems that involve multiple interactive
| elements which require somewhat complex implementation.
Because of the complex;ty of the problem, more time will be
required for development and implementétion.
For the first purposé stated above, a 6-DOF finite—-element
" dynamic model is developed for the two—panel space station. Because
of {its tr#ctability and reasonable simulation turnaround time and
cost, it is used extensively to evaluate adaptive control problems
and performance. For - the secénd purpose, a 19-DOF finite~element
dynamic model 1is developed for the four-panel space station.-
_However, the analysis in this 'report is, . in ~ general,
configuration independent.
3.1 Finite-Element Model for the Two-Panel Station Configuration
3.1.1 Dynamic Variables, Coordinates, and Paraﬁéters

The 6~-DOF finite-element model 1is shown in Fig. 6, in which only
plane motions are considered. The motions of interést are the
rotations about the X-axis which are tightly coupled with the

displacements along the Z-axis. Hence, this model has six degrees of

23
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i

freedom -~ three linear displacements 21, 29, Z3 and three bending
angles 8,, 6,, 63 of the central bus and the two outer tips of the
solar panels. The solar panels are modeled as two uniform beams with
length L, linear mass density p, and flexural rigidity EI. The bus
and modules are modeled as a rigid éore body with mass M, and moment
of inertia I, located at the center of the structure. |
3.1.2 The Stiffness Matrix

A finite—elemeﬂt technique 18 used to derive the stiffness and
mass matrices for the model [50]. To obtain the stiffness matrix by
using this technique, one starts by dividing the structure into a
finite number of elements, the properties of each elemeng are then
determined. The properties of.the entire structure are obtained by
superimposing those of the elements at the associaéed nodes. There
are two nodal points associated with each element,iaﬁd two degrees of
freedom at eaqh node 1if only' transverse plane displacements are
congidered. The deflected shape of the beam element may be describe&
by a set of cubic Hermitian polynomials, as follows, vﬁen unit

displacement is applied at the left end,

v, ) =1 - 3'(%)2 +2 (%)3 - (B.1)
v, ) = x (1- {)2 | @
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The shape functions for unit displacement at the right end are,

v, (x) =3 ({)2 - 2( )3 (3.3)

%

2
x [x
v, (0 =3 (%) (3.4)
The general shape expression is the superposition of these functions,
v(x) =¥, (x) v+, (x) v+ 9, (x) 0, + ¥, (x) &, (3.5)
The stiffness .coefficient associated with the beam flexure is
L )
- ° " " = '
kij J; EI1 (x) v} (x) vy (x) dx kji (3.6)

For a uniform beam segment, the stiffness matrix becomes

r - -l - -
F, 6 6 3L 3L ][y, _
Fy 2EI '-6 6 -3L.  -3L vy
Y 2 2 G.7
T L’{ 3L -3L 2L L°{]e
a a
_ 2 2
Ty | 3L 3L L 2% ey

where F,, F, T,, and Ty are the nodal forces and torques at nodes a

Aand b, respectively, and v_ and eb are the corresponding

Vi .0
“nodal displacements -- translation and rotatioﬁ..' The stiffness of

the complefe structure 1is .obtaine'd by adding fhe' e1ement>'sti‘ffness

26



appropriately., For 1instance, the structural stiffness of node i at

which elements 1, m, and n are attached is

a

k. = k(1) + {((m) “((n)

11~ “44 11+ %41 - 68
where the hat 1implies that all .-the variables are expressed in a
common global coordinate system, or they have heen transformed to a
common system from their local systems.

Now we shall use Eqs. (3.7) and (3.8) to derive the stiffness

matrix for the 6-DOF model. Consider the uniform beam element in Fig.

If the two nodal points taken are located at its ends, there will be
a total of four DOF -- one translation and one rotation at each node.

Through the finite-element method the stiffness matrix KA is

F, z 6 3L -6 3L z)]
8 L. 22 3L 12| e
F, 2o 3|6 -3 6 -3 Zy
2 _3p 212 '
| T, | | 85 3L L 3212 | | o, |

where F) and F, are the forces, T, and T, are the torques applied at
the nodes. For a similar beam element (see Fig. 7), the stiffness

matrix KB is

27
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~ < o - [~ - - -
2 2.
T 8 3. 212 -3L L )
2 2 2
- Kg o 2EI (3.10)
F A 3 |- -3 6 -3 z
3 3 3
T 8 3L 12 -3, 2.2 )
L 3] | 3 L J L3

By using Eq. (3.8) to combine Egqs. (3.9) and (3.10), {.e., adding the
element stiffness at the joining point, the stiffness matrix X for

the combined uniform beam elements (Fig. 8) 1s obtained as

- - - -
Fy 2
T, N
F2 } < ZZ
T2 82
'F3 Z3
T 0
|3 [ 3]
i r
6 a -6 ' o o |[z]
|
3L 22 -3 12 1o o || e
R P
- -Ll
- 22 . ! 2 1(3.11)
L
3w 12, 0 a2i-n w2|] e,
_____ N ——
0 01 -6 -3L 6 -3||z
|
0 ol 12 - u2l]e
i | JL 3]
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Figure 8 Combined Uniform Beam Elements
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- 3.1.3 The Consistent-Mass Matrix

The consistent-mass matrix 1s the mass matrix for the
distributed mass of the flexfble structure. For a beam glement of
length L, mass density p(x), the mass influence coefficient myy can

be expressed as
L
mij = J; p(x) wi(x) Wj(x) d)f = msy | (3.12)

where ¥,(x) and wj(x) are the shape functions. The term "consistent”
signifies that this mass matrix 1is obtained using the same shape
functions ¢ (x) as those used for deriving the stiffness matrix. The
cubic Hermitian po;ynomials are generally used for straigh; beams.

Therefore, for the straight uniformly distributed beam element shown in

Fig. 7, the consistent-mass matrix M, is

- [~ o0 N oo ]
T, ) I I
= MA oo = —p—- oo (3‘ 13)
F, Zy 4201 s4  -13L 156 -22L || Z,
T, 8, -13L -312 -22L 42 ||,
h - L - L ) - -

Similarly, the consistent-mass matrix Mp for the adjoining beam

element 1ig
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(3.14)

Hence, the combined consistent-mass matrix Mc for the 6-DOF model can

be obtained by using an approach similar to that for obtaining the

stiffness matrix as,

22L

Py |
Ty
v,
= M
Ty
Fsy
156
22L
“%20) -
-13L
0
0
L
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3.1.4 The Lumped-Mass Matrix and System Mass Matrix
The consistent-mass matrix accounts for the effect of
distributed mass only, the effect of concentrated mass is accounted

for by the lumped-mass matrix MD,
Mp = diag (o, 0, My, I,, 0, 0) | (3.16)
The Fotal system mass matrix is, then
M = Mo + My (3.17)

3.1.5 tquations of Motion
The equationg of motion for the 6-DOF model can then be written

as

(MZ +K Z,=F=Bu (3.18)

P

+2) " (3.19)

yp = Cla Z, + 2,

- ‘ T
Zp [Zpl Bpl sz sz Zp3 Bp3]
= [Zl 91 22 62 Z3 eé]T

' T
[F} T) F; Ty F3 T3)

o
n

[
n

M-dimensional plant control input vector

b
o
]

M-dimensional plant output vector
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B = 6 x M control influence matrix

C = M x 6 measurement distribution matrix

a is the weighting factor of the position vs. rate measurement
3.1.6 Modal Coordinates and Modal Properties |

To carry out the analysis of this dissertation,. modal
coordinates are used. The modal model is obtained by setting f = 0
in Eq. (3.18) and solving the eigenvalue problem. Lét ¢ be the

normalized eigenvector matrix which is selected such that

$TMp = 1 (3.20)

¢TKe = A ~ ' (3.21)

where A is the diagonal eigenvalue matrix. Let n be the modal

amplitude vector, and Zp = én. Substitute this into Eq. (3.18) and

premultiply both sides by ¢T, one has the following dynamical

equation'in modal form,

n 4 An = ¢TBug (3.22)
After adding damping terms, Eq. (3.225 becomés

N+ diag (20)w),...226ug)0 + dlag(of, .. 0f)n=¢TBy, (3.23)

The corresponding damped dynamical equation in physical coordinates
can be obtained through transformation. Let D be the damping factor

matrix, one has
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D = ¢T dlag (2zywy,..., 20gug)¢7" (3.24)

Hence, the system equations of motion in physical and modal

coordinates are, respectively

$sz +DZy + RZp = Bu, : (3.25a)
(yp = C (az, + Z,) _ A (3.25b)

and
" : . 2 2 T
n f diag (2Z,w;,0e., ?c6w6)n + diag (w]yee., wgln = ¢ Bup (3.26a)

yp = Claén + m) . (3.26b)

The modal properties of the 6-DOF model are obtained by using

the parameters given in Fig. 6. The modal frequencies are;

wy = 0

0.04 Hz (3.27a)
0.0637 Hz

[
&
L}

0.3885 Hz

[
w
(]

0.3947 Hz

(3
<)
1

and the mode shape matrix (eigenvector matrix) ¢ is

35




.872E-1  .194E-1 =.127 -.961F-1 .178 .178
-.352F-3 =.157E~4  .720E-3  .719E-3 -.545E-2 ~.549E-2
-.693E-3  .155E-1  .301E-2 -.360E-7 .151E~2 =-.174E-5
- -.3525—5 -.157E-4  .727E-8 =.450E-3  .126E-6 =-.117E-3

-.886E-1 «116E-1 =-.127 «961E-1 .179 -.117

-¢352E~-3 =-.157E-4 -.720E-3 «719E-3 «546E-2 -.548E-2

(3.27b)

Figure 9 shows the mode shapes corresponding to the above mode
shape matrix. Of the six modes, there are two zero-frequency rigid
body rotational and translational modes, two first hending modes S
symnetric and antisymmetric, and two second bending modes.

3.2 Finite—ElementrModel for tﬁe Four-Panel Station Configuration
3.2.1 Dynamic Variables, Coordinates, and Parameters

Referring to Fig. 10, the main or backbqne structure is modeled
as two flexible beams rigidly attached to the core body (the bus);
and the solar panelsAaté also modeled as flexible beams with two
beams jointed together and attached to the ends of the main'
structure. The two payloads, assuméd rigid here, are hinge’ connected
to the core body to form a balanced structure. To keep the model to
a tractable size, thg beams are assumed torsionally stiff, and hence,
only bending angles and the associated deflections are modeled here.

This model consists of 19 dynamic variables, 7 translations and
12 rotations, as indicated in Fig{ 10. Since the beams are assumed
torsionally stiff, ¢, (¢6) represents the roll angles for the. entire

length of the beams associated with the south (north) panels. For
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the same reason, 8, is the pitch angle for the entire main structure,

therefore, the following constraints apply:
8y = B¢ = 8, (3.28)

The payload motions are modeled by the hinge angles, Yéx"YAQ’ Y;x’

Y;y’ where in Fig. 10, Ygx» Y8y’ Yoy Y9y~ are the cortesponding
1nertial» attitude angles. The translations at the c.m. of the
payloads can be computed using the hinge angles.. Therefore, the
translation variables are 2Z,, 2,, 23, 24, 25, 24, 2y, and the
totation-variables are 0y, ¢, 63, 04, ¢4, 65, bgs 87> Yéx’ Yéy! Yéx'
and Y;y. | . ‘

The model parameters are basically the flexural rigidity (EI),
the length, and the mass density for the beam elements in the model;
the mass, moment of inertia and'length for the payloads and the corel
station. | The §é1ues for the mass-related parameters are compﬁted
based on 1nformationkdiscussed iq Chapter II. .

3.2.2 The Stiffness Matrix

First, the 19-DOF model 1is divided into threé parts, the solar
panels -- south, the solar panels -— north, and the main structure.
The payloads will not be considered until later. The finite-element
technique used is the same as that for the 6-DOF quel.

Consider ?13.'11, the two “south” panels are modeled as two .
uniform beams, éach 115 ft 1in length. Referring to Eq. (3.11),

one has
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Similarly,

[ 6 3L
L 212
s s
-6 -3L
2
3L L
) 0
0 0
L

referring to Fig.

north panels is obtained as

Z(EI)8

6 3L
3L 22
s s
-6 -3L
e R %
8 -]
| L.
0o 0
0 0
b

- -

The elastic model for

The main structure 1is also

12

3L

the main structure 1is shown in Fig.

12,

(3.29)

the stiffness matrix for the

eossacnePr cavonee

(3.30)

13.

modeled as two flexible beams, but with

higher flexural rigidity than those pf~the solar panels. These beams

are uniform and have a length of 140 ft each.

The stiffness matrix

for this structure is shown in the following equation,
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- Figure 11 FElastic Model for Solar Panels —- South

z 6
A S 64 , 7
T ey T @ '1\
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_ Figure 12 FElastic Model for Solar Panels — North
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Figure 13 Elastic Model for the Main Structure
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(3.31)

Applying the same principle of Eq. (3.8), the stiffness matrices
of Eqs. (3.29), (3.30) and (3.31) can be combined to yield the system
stiffness matrix. Reorder the force and displacement vectors and the

corresponding rows and columns of Eq. (3.29) as follows, _

- - r - -
2 2 _ 2 ! [
T, ag oL 1 -, 1l b0 |le,
] .
[}
F i, 6w, 0 0 i o6 ]z,
T 12 3 2 E
| 2(ED s g Ly 0 0 4 -3 10,
F, O A I
]
2 ) 24
Ty O SR NP
------------------------------- Lomens,
F -6 - - R
¥, | o -6 s, -6 om b a2 |2,

The purpose of this reordering process is to move Tyg and 85 to the
top for later use and F, and Z, to the bottom so that the "south”

panels can be combined with the main structure.
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Reorder the rows and columns of Eq. (3.31) so that.F, and 2, are

placed on the top and Fg and Z¢g are on the bottom,

- - -
sz 613 -6 3 o | o] 227
] ]
T 3L H 2 -3 2 o i o {le
2% el e e ! 2
[] ]
[} []
: - | - [} -
Fo | a2epy_ | T8 17 1200 kw7617, |
= E ) 2 2 E (3.33)
T L) O O I S N O
' ]
! 2 2
L] -
Te, of o 3L L2 ol s |le
----- r------------------.-----_%-----
F 0! 0 =6 -3 -3L ! 6 ||z
6 | " H H ..‘ | 6

Reorder Eq. (3.30) so that Fg and Zg sit on the top and Tgg and

66 at the bottom,

_ . _ . 1.
Fg 12 5 -6 -3L -6 3L, 0 ]2
...... r------—-------—---------.-----q -
»Fs -6 E 6 3L 0 (] 3L ,7‘5
1
_ _ X 2
Te | 2(51), 3L 5 3L Ly 0 0 L, {]es
- 3 | (3.34)
F L -6 1 0 0 6 =-3L -3L ||z
7 8 A 8 s {17
H 2 2
T 3L 5 o 0 ) M P Lii]e,
[]
' 2 2 2
_Teed i 0 3L L, -3L, L 4L J __e 6
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Let

2(31)‘s 2(1-:I)e
@ =, and B = —3 ) (3.35)
LS Le-

combine Eqs. (3.32), (3.33) and (3.34) one has

vmw b g B mge = o l ] F"z_
) g 6a N 1] [\] -6t ‘ zZ,
Teo e ng 2k o o g

3 AUy 0 0 6 g Ba

13 0 0 g 2k g - T
f) 0 & g 6 g »moml ng @ AP ° ] l z,

Toe |- l iy als g B 0 0 | ™

e ] NS 1P ] g -8 I : Z,
a0 g w0 wk B 3Lp ™
Teo 0 oy o2k oag ‘ . .
Fo ' I 0 0o & g ws [ ez 8a a6 Ag 0 zg
Fg ' T 6a g ] 0 g Zg
Tan ' Ige e 2 ° o th og
L$] i O 6a 0 0 6a g g 2,
T70 g 0 ° gtk i o
Teo I [} ga tZ gt 4k [ %

(3.36)
Now we shall use the constraints of Eq. (3.28) and

(3.37)

_Tze = T69 = T49

to combine T6e'and'T2e and rename it as T o, and 6, and 6, and rename
it asA 94 and rearrange the rows gnd columns so that they appear
between FA and'T4¢ and between 24 and ¢4, respectively. In addition,
we also exchange the orders of T6¢ and.F6, and $g. and Z6.v Thus if

we let Fgs Zg, and Kg be the force vector, displacement vector, and
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the stiffness matrix, respectively, Eq. (3.36) becomes

Fg = Kg Zg . (3.38)
where
= . T
Fg = (Fy Ty9 F3 T3¢ F2 Ty F4 Tae T4y F6 Ty Fs Tse F7 T7e)
' (3.39)
. T
2g = (23 ©) 23 83 23 &3 Z4 8y &y 26 ég 25 05 27 O7) (3.40)
and K is shown in Eq. (3.41).
- ]
6a e 0 0 -6a 0 0 e 0 0 0 0 0 v 3
sua 2a 0 0 .3lga 0 0 da o 0 6 o 0 o 0
0 o 6a @ -ba 0 0 ka0 0 0 0 0 I
0 o sua 2ada 3@ o 0 da 0. o ¢ o 0 0 0
-6a  -3lga  -6a Jga 12a+68 3B 6B 0 3,8 [ 1] 0 0 0
0 0 0 0 B 228 B 0 da o o 0 0 0 0
o o 0 0 B @ uB o o 8 JL,a 0 0 0 0
K = e qu -3a Lsa 0 0 0 SLga 0 0 0 ) 3ca tfu Hea Lga
S

0 0 0 o B 28 o o alsg B B 0. 0 o -0

0 0 0 0 0 0 68 0 3,8 Ra+6B -3 B -6a - 6a 3@

0 0 0 0 0 0 3B O da 3,8 uig o 0 0 0
0 0 0 0 0 0 6 3@ 0 6a 0 sa 3@ 0 0
2 2
0 0 0 0 0 0 0 lla o 38 0 3@ a0 0
0 0 0 0 0 0 0 3@ o 6@ 0 o 0 . 6a i
: 2 2
L 0 ° 0 o 0 0 0 Ga 0 ka0 0 0 e 25
(3.41)
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2(E1), 2(E1),

L3 L
8 e

where a =

A quick check of symmetry, Ks is symmetric as it is supposed to be.
3.2.3 Thé Consistent-Mass Matrix

Consider Figs. 14, 15, and 16 which show the distributed mass
models for tﬁé south and north solar panels and the main structure,
respectively. By using the same finite-element technique, the

consistent-mass matrices for the component structures are,

a. Solar Panel — South

F (156 220 s4  -13L 0 0 5
1 8 8 1
T 220 42 3. -32 o o |le
10 8 8 8 8 1
F, o 54 13 312 0 s 13|z,
=58 | (3.42)
T 420 |13, -32 o gt 13 -3?|le
2 8 8 8 8 8 2
F 0 0 54 13L 156  -22L ||z
3 8 s|]173
. . . H . . 2 - . 2 ‘| oo
T 0 0 -13.  -312 -221 412 ||e
¥ | L 8 ] .8 s 3]
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Figure 14 Distributed Mass Model for Solar Panels — South
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Figure 15 Distributed Mass Model for Solar Panels =- North
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b. Solar Panel — North

- - o T T
F, 156 22L, 54 -1, 0 0 z
T 220 42 13 -3 o o |le
S50 8 8 ’s s 5
F s¢ 13L 312 . 0O s -13L ||z
6 p L
- e : 8| ¢ (3.43)
) ) o a2l
T 131, -3 0 sl a3, -3l|le,
F, 0 0 54 1L, 156 -2z ||z,
T - 0 o -13.  -3tf -1 4i?|le
L 79J N 8 8 8 sl 7]

¢c. Main Structure

- - ek
F, 156 22L S4 =13L 0O 0 z
e 2
T 220 42 13 -2 o o |le
% e e 2
F 54 13L_ 312 o s& -1 llz ] 000
14 L Pelel - e e el 4] (3.40)
%220 a2 2 a2l
T4 131, -3L 0 ol 1, -3l||e,
P | 0 0 54 1L, 156 -22L_ ||z,
T 0 0 -131 -31% -221 a?|le
| et ] I e e e e [%6)

Employing a similar approach for obtaining the stiffness matrix,

_the following equation can be obtained:

F_=M__ 2 ' . (3.45)

50



ORIGINAL PAGE IS
OF POOR QUALITY

where

. o , ]
 Fg = (Fy Tyg F3 T3g Fp Ty F4 Typ Ty Fg Top F5 Tse F7 Tye)

oo ve (X3 oo o0 e .o oo .o (X} . o .o

O1 23 83 25 43 24 84 ¢4 Zg 46 25 85 2y

(1) (X ] T
ZS' = (Zl 67)

and the consistent-mass matrix Eqs. (3.46) and

Mgc 1s shown in
(3.47).
—156a @ 0 0 st ) 0 Bla o0 o .0 0 o o 0 T

g da o 0 B o o b o 0 0 0 0 0 5

0 0 1% g o ‘o o Bl o 0 0 0 0 0 0

0 v e &b b o o ah o o o Q 0 0 o

s DBlg S8 DBl 3l2aelsh A S 0 -Bip 0 0 0 0 o 0

0 0 o o =mp ad B o o o 0 o 0 0

0. 0 0 0 & Db 0 0 s® B 0 0 . .0 0

M = pa W bl b 0 ) o wha o 0 0 Bl b e b

-~ 5C o 0 0 0 b 1% o o ad e b o o 0 o
o 0 0 0 0 0 s 0 Dl I3 -Zb M B S D

0 0 0 0 0 6 b o 3b Ay ab o 0 0 0

o o 0 0 0 0 o. ame 0 s 0 1% aq 0 0

0 0 0 o 0 0 o 3% 0 wmg o &g & 0 o

0 0 0 0 0 0 0 DBlp 0 - sm 0 o 0 e -2

0 0 0 0o o 0 o 3% o e o 0 0 mp ab
(3.46)

p L p L

vhere a = 2%6_ and b = 4;0e . (3.47)
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3.2.4 The Lumped-Mass Matrix and System Mass Matrix
Mgc accounts for the distributed mass for the flexible structure
but not the lumped mass associated with the rigid bodies. Let Mgp be

the lumped-mass matrix for the station excluding the payloads, then
Mgp = diag (0,0,0,0,0,0,}14,14},},,14“,0,0,0,0,0,0) (3.48) °
where M;, I,.x, and I,yy are the mass and moments of inertia of the

core station defined in Fig. 10.

The total mass matrix, excluding payloads is,

Hg = Mge + Mgp ' ' (3.49)
The corresponding dynamic equation due to mass and inertia is

Pg = MgZg | 7 (3.50)
3.2.5 Payload Dynamics and Hinge Torque Model

The dynamic model for the payloads (identified as bodies 8 and 9)
and the hinge coordinates are shown‘in Fig. 17.

To include the payload dynamics and the dynamic‘ interactions

between theé payloads and the station; the following expressions are

obtdined using the Lagfangian approach:
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Z, moe loxs lovs

|~a Yoy

" ™ 'axst lavs
* Ygx = Tgx - ¢4 = HINGE ANGLE FOR "PAYLOAD 8" ABOUT X-AXIS
Ygy * Ty - 0, = HINGE ANGLE FOR *PAYLOAD 8" ABOUT Y-AXIS
Yyx = Tox = 94 = HINGE ANGLE FOR *PAYLOAD 9" ABOUT X-AXIS:
Tyy = Yoy = 6, = HINGE ANGLE FOR "PAYLOAD 9* ABOUT Y-AXIS

Figure 17 Payload Dynamics and Hinge Model
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F4 - (M8+M9).Z.4 + (M8L8-M9L9).3.4 + M8L8b.{éy'M9L9b.Y.;y, (3-51) _
Tyo + (Mglg-Mglg)Z, - (Igyg+¥gld + gy +igLd)E, (3.52)

. 2 oot 2 se
- (Igyg + Mglgalgp + Mgly)Ygy = (Igyg+MgLlgaLgp+Mgly)Ygy

T (3] cet eet
46 = (Igyg + Tgxg)9y = IgxsY¥8x ~ IoxsYox | (3.53)

Fqs. (3.51), (3.52) and (3.53) are used to replace F;, T;g, and T4¢
in Eq. (3.50).

The torques applied at the payload hinges are,

se [X R}
Tgx = Igxs®4 + IgxsYax (3.54)
. e oo ? »
Tox = Igxg®s + IgxgY9x (3.55)
.o ’ .o se?
Tgy = = MglgyZs + (Igyg+MglaalaytMalan) B, + (Tgyg+igLip)Tay (3-56)

.. (3 2 ot )
MglonZs + (Igyg+MglysLoy+Mglgy)y + (Igyg#igldy)igy (3.57)

-3
O
<
]

. L

where Yéx, Ygys Ygx» and Y;y are the hinge aggles for pgyloads Srand
9 about the X- and Y-axes.

The above equatiqns.are derived using the Lagrangian approach:
with more general assumptions and then linearized for small angles.
The detailed derivation is shown in Appendix A.

3.2.6 . Equations of Motion
T ' ' ' ' \T

Let F, = (Tgy, Tox, Ty, Tgy)' and Zy = (Ygx, Yox, Ygy» Yoy) be

the payload forcing and displacement vectors, ihe corresponding

vectors for the system can be partitioned as follows,
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Fe|—--"~] andz=|-2— (3.58)

The system mass matrix becomes,

M= Mg + M | o (3.59)
where
M "o
SC I T15x%4 ‘ '
M, m| e (3.60)
c - .
4x15 | bxb
and
T
Msp*Msp |+ Mpsp
My = ——g—-:——f (3.61)
"psp | Mep
Mge is defined in Eq. (3.46) and Mgp in Eq{ (3.48), and MéD’ Mpp»
MPSD are,
[ 0 ; 0 o ]
6x6 | 6x3 | Y6x6
e e e e e o = —————— ——— — — | IS
|
| . \
. "™ mglgMglg °
|
| _ |
' o= ! 2 S ' 0
Mo "] %ax6 | Polos"s ™s"8"™9 9™ Isys*oys R
! |
e e e e e e e e e . - o+ - - — - ————— ———
0 b 0 i 0
6x6
| 6x6 | 6x3 | X J

(3.62)
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Tos O 0
- 0 I9xS
Mep \
. 0 0 T gmgil 0
K 0 0 Toys*Moloy
i |
: 0 0 9x$
M. =|o
PSD 4x6 | 2
. ®slsv  Isys*™slsalsp'™slen O
l 2
i Polop - Igyg*molg,Lgytmglgy, O

~ The system stiffness matrix is

K b o

8 | “15x4
K= ——.——J_——_
o4x15 l 04x4_

where K, is defined in Eq. (3.41).
The equation of motion is

MZ + KZ = F
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3.2.7 Modal Coordinates and Modal Properties

Let n(t), A, and ¢ be the modal ampliﬁuae véctor, eigenvalue
matrix, and normalized eigenvector matrix, respectively. Let Z(t) ;
¢n(t), substitute this into Eq. (3.66) and premultipiy Eq. (3.66) by
¢T, tﬁen ¢T$ = I and ¢TK¢ = A, one has the following dynamical -

equation in modal form,
n+ An = oTF ST (3.67)

where A = diag (w%,...,wfg). Adding damping terms, Eq. (3.67)

becomes,
N+ dlag (201w),...,20090y9)0 + diag(wd,..i,uig)n = ¢TF  (3.68)

The corresponding damped dynamical equation 1in physical coordinates
can be obtained through transformation. Let D be the damping factor

matrix, one has
D= ¢"T diag (2c1w1,...,2c1'9w19)¢'I (3.69)
and thé equation of motion becomes,

MZ +DZ +K =F - (3.70)
For the purpose of control, let B and C be the control influence
matrix and measurement distribution matrix, respectively, the system

equation in physical and modal coordinates are, respectively,
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MZ + DZ + KZ = Bug , (3.71)

yp = C (azp + 2p) - (3.72)
and
.7; + diag (zclwl,ooo,‘ZCIgmlg);‘ + diag (m%,ooo,w%g)n = ¢TBUP (3-73)

yp = Claén + én) (3.74)

To obtain the modal properties, 1{i.e., to determine the
eigenvalues and eigenvectors, for the open-loop system, 'c_me can
either free the hinges for the payloads or clamp them. For the
latter case, a 15-DOF system results with 12 flexible modes and 3
rigid body modes. Fof_the former case, however, a 19-DOF systenm
results since the payloads are considered rigid bodies and the hi_.nges
are freed, it ends up with &4 additional rigid or =zero frequency
modes. Since this does not yield additional information, only the
clamped-hinge case is considered in this dissertation.

The modal frequencies and mode shapes for the foueranel
~configuration ﬂth élamped-hinge case are shown in Fig. 18. These
modes ‘are divided 1into three groups. The first bending group
consists of 6 modes with frequencies ranging from 0.115 Hz to 0.302
Hz. These modes are formed with the first symmetric or antisymmetric
bending of the three major structures, i.e., the two solar panel

pairs and the main structure. The second bending group 1is caused by
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the second symmetric or the antisymmetric bending of the three major
structures. The .frequencies for this group are much higher than
those of the first group, ranging from 1.67 Hz to 2.34 Hz. The third
group consists of three rigid body modes with zero frequency.

The structural and mass parameters used for generating these
modes are shown in Fig. 10, The flexural rigidity (EI), = 9.48x105
1b-ft? has been used for the solar panels and a value of aﬁ order of
magnitude higher has been used for the main structure.

3.3 Frequency Characterization of Space Station Dynamical Systems

With the availability of these space station models, the
frequency characteristics of the various dynamical systems in the
space station environment are identified as shown in Fig. 19.°

For a nominal orbital altitude of 400 km, the_orbital period is
92.61 minutes or 1.8x10”% Hz rate. For an altitude close to 400 km, the
orbital rate will be inside the shaded narrow region in Fig. 19. The
solar panei' libration frequency for quasi-solar-inegtial pointing
[51] will be twice the orhital rate, as éhown in Fig. 19. A low
bandwidth attitude control system for the space station will haveré
bandwidth in the range of 0.001 Hz fo 0.005 Hz. The two-panel low
DOF model and the four-panel finite-element model are shown in Fig.
19 with their modeled frequencies identified by vertical lines. The
dashed regions extending the modeled modes Trepresent the modal
Bpectra that are not included in the models. The payload gttitude
control systems for a range of applications will have bandwidth in a
range centered at 1 Hz. The core body including the pressurized

‘modules should have  structural frequencies above 9 Hz. The figure
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indicates that the spectral separations of the orbital rate, the
attitude controllers, and the low frequency modes of the stafion
structure are reasonable. However, the same cannot be said about the
structural modes and the payioad controls. For instance, the payload
controller bandwidth falls between the modes of the first and the second
" bending groups. This result strongly suggests that decoupling control

for the payload is required.
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.CHAPTER 1V
PROBLEM FORMULATION
The spaée station, or the cbntrolled plant can be represented by

the following state space model:

ip(t) = Ay xp,(t) + By ug(t) (4.1)

yp(t) = Cp x,(t) | (4.2)

where xp(t) is the Np-dimensionél plant states, up(t) is the M-
dimensional plant control inputs, and yp(t) is the M-dimensional
plant outputs. Here it has been 1mp11éit1y assumed that the number
of inputs equals the number of outputs. Physically, control inputs
are the forces and torques generéted by actugtors, such as thrusters,
proof masses, Control Moment Gyros, and momentum wheels. The outputs
are measurements such as linear and angularvdisplacements and rates

measured by accelerometers, rate and integrationm gyros, etc. A_, B

P’ P’
Cp are the state, control influence, and measurement distribution
matricéS'of ap#toﬁriate dimensiong. (Ap,Bp) is controllable and (Ap,v
Cp)vis obsefvable. |

. A. referenée model that serves as a performance measure 1is

required. This model is chosen to be asymptotically

stable and can be represented by the following equations:

Xp(t) = AL x (t) + By u (t) (4.3)
Yp(t) = Gy x,(t) (4.4)
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where x (t) 1s the N -dimensional model states, uy(t) 1is the M-
dimensional model commands, and ym(t) is the M-dimensional model
outputs. Ap, B,, C, are matrices of appropriate dimensions.

Since the space station is infinitely dimensional while the
dimension of the reference model has to be reasonably small for
practical implémentation, the following condition will be necessary
for any adaétive algorithms for LSS (large space structures) or space

stations:

Ny, >> Ny (4.5)
Define the output error bétween the pl#nt and the model as
Since the reference ﬁodelrspecifies the desired perfdthnce.of the
plant (space station), the‘objective is then, without assuming the
complete knowledge of the plant, to design an adaptation mechanism to

generate a sulitable plant control input up(t), so that the plant

output tracks the model output asymptotically, i.e.,

lim ey(t) = 0 4.7)

e
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CHAPTER V
CONTROL ARCHITECTURE

5.1 Control Architecture for the Two-Panel Configuration

Referring to Fig; 6, the most rigid location on the station is
its core on which inertial sensors, accelerometers and actuators are
located. Control Moment Gyros (CMG's) are assumed and they are
effective only for antisymmétric modes; the symmetric modes are
controlled by the thrusters or proof masses. To gain controllability
apd compensate for vibrations of the large flexible panel structure,

reaction wheels at the tips of the panels are postulated.

Accelerometers and a target set of vibration sensors for relative attitude

and rate measurements are also placed at the panel tips. Although the

panel tips are far from ideal for locating hardware components, the choice

is nil. For translational control, force actuators are required at
the bus.
With the above control architectural design, the control input

and output vectors are defined as follows:

- - - - -
up) T). Fcontrol torque at left panel tip
u9 F2 control force at central bus .
up = P a = . F(S.l)
‘ “p3 T2 control torque at central bus
_ Up4 T3J control torque at right panel tiﬂ
and L - - -
’ - p . -
vp2 | | %%p2 * Zp2
o =| o= P | (5.2)
L P - L P P J :
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In order to apply adaptive control techniques to this 6-DOF

model, Eqs. (3.26a) and (3.26b), i.e., the plant equatiomns, are

written in state space form. Let np be the modal amplitude . vector,
and define the plant state vector Xy, as,
n
x =|--F- (5.3)
P n
P
we have
[ 0 : I n 0
: P
x,= | ——7———- e iy mirdad BRd Rl EN
2 ' n T
- 0 I-2¢ . w 0 B
pl_ B Y1 P *o
\\‘ 2 I \\\
0 w { 0 =27 W
p6 | pb p6_L i I i
(5.4)
- | np
= |acd ! C e i (5.5
Yo ¢p: _¢p : (5.5)
| (. P
the corresponding Ap, Bp, and CP matrices are
- ' -
O¢x6 ' Tex6 |
A = ———— L = (5.6)
P 2 | :
-wpl\ 0 : -z_cplmpl\ 0
Sa 2 .
0 wp6 : 0 ch6mp6
L : J
o0
Bp = — o —— (5-7)
' T
B
L ¢P
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c, = laco, P Col ‘ . (5.8)

where ¢p is the mode shape (eigenvector) matrix for the plant, Wpk
and cpk are the modal frequencies and damping rafios, respecti&ely.

Based on the control input vector u_, given in Eq. (5.1), the

)

control influence matrix B is given.by

= -
0 0 0O
1 0 0O
01 0 O : ’
B = (5.9)
0 01 O : .
0 0 0 0
0 0 0 1
e -

Since the sensors and actuators are colocated, we have, in Egs.

(5.7) and (5.8)
c = BT | | (5.10)

5.2 Control Architecture for the Four-Panel Configuration

With a similar but more complicated control afchitec;ural desigﬁ
than that used for the two-panel configuration, tﬁe control input and
output vectors for the four-panel configuration are defined as

follows:
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riléj F?-torque at left south panel tip -
T3¢ Y-torque at right south panel tip
Fy Z-force at the root of south panel
Ty4 X-torque (bending) at the root of south panel
Fa4 Z-force at central bus
T4g | = | Y-torque (twisting) at central bus
T4s X-torque (bending) at central bus
Fg Z-force at the root of north panel
T6¢ X-torque (bending) at the root of north panel
Tsg Y-torque at left north panel tip
_?79J _?-torque at right north panel tip . _
(5.11)
—aepl + 801
aep3 + ép3
azpz + ipz
vps | |0p2 + bp2
YpS azp4 + ipa
v, = | vp6 | adpy + 6.4 | | (5.12)
Yp7 adps + $p4
-yp8 azp6 + ip6
Yp9 G¢p5 + $p5
yplO uaps + 6p5
e [0+ 51

11 sets of sensors _and actuators are used at 7 locatiqns. The

problem becomes more involved now because of the more complicated




structure and the three-dimensional motion instead of plane motion
only.
Again, for the application of adaptive control, state-space

representations of Egqs. (3.73) and (3.74) are obtained. Let np

be the modal amplitude vector, and define the plant state vector Xp
as,
n
x =|—-="- ‘ (5.13)
P n
p
we have
p 1 -y - - _— -
|
. 0 I I np— 0
%= ——————— F—————————— —-———1+ ———-%
g 2 ' n T
wpl 0 : chlwpl 0 P ¢p B
\\~ 2| \\
| 0 wplS ) 0 2t;pl.'»mpIS.J i ] I ]
(5.14)
[} ‘n
y_ = |acCé ,Co - -P- (5.15)
p i P ﬁ' .
1 |
the corresponding Ap, Bp, and Cp matrices are
i l ] |
olelS | IlelS
A 3 J oo e = e e e ———— (5-16)
P 2 ! ,
- 0 -2 w 0
pl_ ) l “p1 pl
\_ | ~ |
0 o5 0 ch15mp15J
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0
B, =|{———-— ' (5.17)

P
T
B
¢P

Cp = [aC¢p C¢p] (5.18)

where ¢p’ Wpk s and Cpk are the eigenvector matrix, modal frequencies
and damping ratios, respectively, and the control influence matrix B

is

000 0100TG0T0O0GO00O
B=|0 0 0 O0 01 00 O0O0O (5.19)
0 0000O0T100GO0 O
00000001000
0 0000O0TOTU OTI1O0O
0 0000O0OOTOT OGO OO
0 000000O0G GO OT10
0 0000O0GOTOCTG OO O
00000000001

Again, the sensors and actuators are colocated, hence

C = BY (5.20)

in Eqs. (5.17) and (5.18).
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CHAPTER VI
ADAPTIVE CONTROL ALGORITHM
The equations of the plané (space étation) and the reférence
model are described in Eqs; (4.1)-(4.4), and are repeated‘below for

convenience:

plant ).(p(t) = A, xp(t) + B up(t) (6.1)
yp(t) = Cp xp(t) (6.2)
model ( x (t) = Ay x,(t) + By up(t) -~ (6.3)
Yp(t) = Cp xp(t) (6.4)

The output efror is
ey(t) = yp(t) = yo(6) ‘ ©6.5)

The objective is to find u, such that

P

1im ey(t) =0 (6.6)

tHoo

with the requirement that dimension Np >» Ny and Ap, Bp, cp are not
completely known.

The adaptive control algorithm under consideration here 1is an
extension of that developed in Ref. 42, Since the Command Generator
Tracker theory ([43] formed the basis of that algorithm, it is

introduced first in the following.

73



6.1 The Command Generator Tracker Theory

The Command Generator Tracker (CGT) concept developed by
Broussard 1is ra type of model reference control. What makes it
attractive 1s that it allows perfect modgl output tracking even
though the plant and the model are not of the same order. The basic
idea of CGT is to generate a p;ant input up(t) as a linear
combination of the model states xm(t), model inputs um(t), and the

output tracking error ey(t), i.e.,

up(t) = s2lxm(t) + SZZum(t) + Ko ey(t) . : 6.7)

so that the output tracking error asymptotically approaches zero.
" The gain matrices 821 and 822 are referred to as the CGT gains, and
K, 18 selected to stabilize (Ap-BpKeCp).

When yp(t) = ym(t) (i.e., perfect tracking occurs), the
corresponding plant state and control trajectories are called "ideal
trajectories” and are Qenotgd aé x;(c),and u;(t?,:espectively, When
u (t) is constanft x;(t) and u;(t) are assuﬁed to‘Be linearly related
to the model command u, and model state x,(t) as 'ehown in the

following equations:

. _
() S S (t)
Xp . 11 °12} | *m (6.8)

where sll' S12» Sz;3 and Sy, are matrices with appropriate

dimensions. By definition, the ideal trajectory x;(t) is such that

+For the more general case, refer to Ref. 54.
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yp(t) = €y xp(t) = Cp xy(€) = y(£) (6.9
and

i;(:) = A x;(c) + B, u;(c) (6.10)

To find the CGT gains S;; and S;,, we first substitute Eq. (6.8) into

Eq. (6.9). Thus,

Cp Xp(t) = C(Sy) X, (£) + Spp wy) = €y X, | (6.11)
Hencé,
cp S11 = Cp o (6.12)

Differentiating Eq. (6.8),

i;(t) = Sy %p(t) + Sy Gy = §)) X () = Sy (Ax (t) + Buu)
| ’ (6.14)

and substituting Eq. (6.8) into Eq. (6.10)

).(;(t) - :Ap(sll Xﬂ,(t) + 89 um) + Bp(SZI xm(t) + S99 um)

= (A S11 + By 521) Xp(t) + (A Sjp + By Spp) wy  (6.15)

and comparing Eqs. (6.14) and (6.15), we have
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S11 An = Ap 511 + Bp S2) (6.16)

S11 Bp = A; S12 + By Sp2 (6.17)

Rewriting Eqs. (6.12), (6.13), (6.16) and (6.17) in matrix form, we

obtain

A, Bp S Sz St Siiba

| (6.18)
Co 0 || S12 S22 Cn 0
and then define
2, 8, A, By -1
- © (6.19)
The resulting CGT equations bhecome
S11 = 9315114y * 912G, (6.20a)
S12 = 2115118y ' ’ o ) " (6.20b)
Sa1 = 9218114, + 220, © (6.20c)
Sg2 = 2315118y , ' (6.204)

Tﬁe so-called perfect model following (PMF) conditions are a
special case of the.CGT when the state vector is available and it is
assumed that x;(t) = xm(t). Since x;(t) = Sllxm(t) + Sjouy, the PMF

conditions imply that S;; = I and S;, = 0. Also, since

xp(t) = x(t) | (6.21)
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* *
+
Apxp(t) Bpup(t)

(Ap + Bp SZI) Xm(t) + Bp 322 uﬁ

6.22
= Ay p(E) + By up (622
From Eq. (6.22), it is found that
Bp 521 = Am - Ap , (6.238)

If the CGT gains S,; and S, which satisfy the PMF conditions

(Eq. (6.23)) exist, a valid PMF controller then becomes

up(t) = up(t) + K(xp(e) = x,(t)) | (6.24)

where K is a stabiliziﬁg feedback gain.‘
Back to the general CGT, we define the state error as e,(t) =
x;(t) - xp(t) and seek a controller which guarantees that e,(t) + 0

, * : *
as t * ®, Because when xp(t) = xp(;). we have Cp,xp(t) -C xp(t),

hence
Yp(t) 4 Cp xp(t) = Cp x; (v) 4 Coxm(t) 4 Yp(t) (6.25)

and that is exactly the desired result we require.
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With the error defined as ey(t) = x;(t) - xp(t), the error

dynamics becomes -

eg(t) = AXD(t) + B ub(t) - Aj x,(t) - By u(t)
*
= A, ey(t) + Bplu, (t) - up(t)] (6.26)
Note that
. *

ey(t) = yu(t) - yp(t) = Cp(xp(t) xp(t)) =Cp, e, (t) (6.27)
Equation (6.26) will be used in the subsequent stability analysis.

The CGT concept stated above 1is, however, non-adaptive. The
purpose of adaptive control 1is to eliminate the need for a priori
knowledge of the plant that is required in CGT.
6.2 Direct Model Reference Adaptive Control

Based on the ' CGT concept, Sobel et al. [42] developed the

following adaptive control law:
uy(t) = Re(t) ey(t) + Ke(t) xu(t) + Ky(t) up(e) (6.28)
or, let r(t) be a 2M.+ Ny vector defined as

rT(e) = e, T(t) x,T(e) v T(e)] (6.29)
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and K(t) be the M x (2M+Nm) adaptive gain matrix defined as

R(t) = [Kg(t) K (t) K,(t)] (6.30)
Then

up(t) = K(e) x(t) . (6.31)
where K(t) is a combination of two types of gains, f.e.,

R(t) = Rp(t) + Ky(t) , (6.32)

and Kp(t) is the direct gain, K{(t) is the integral gain defined as

follows:
Ko(t) = eg(t) rH(E)T | (6.33)
Kp(t) = ey (t) rT(e)T | (6.34)
with
K1(0) = K1g | : (6.35)

where T and T are the (2M+Nm) x (2M+N) gain weighting matrices. K10
is the initial integral gain. " Note that up(t) is highly nonlinear
and its values are, in part, proportional to the cube of theloutPUt
error ey(t) eyT(t) éy(t).

The stability 'conditions of -the adaptive controller are
established via the Lyapunov direct method by considering a positive

definite function given by

V(ex,Kp) = e,T(t) P e (t) + Tr[S(Ky-K)T~1(R-K)TST] (6.36)
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P is a Np X Np positive definite symmetric matrix
Kisa M x (2M+Nm) dummy gain matrix

S isa M x M nonsingular matrix

Note that dummy gain wmatrix K does not appear in the control

algorithm. It can be partitioned as K = [Ke, K, Ku] so that

K £(t) = Kg Cp ex() + Ky xp(t) + K, uy (6.37)

~

where X, , K and K, are, like K, dummy gains.
Introducing the control algorithm into the error equation given

by Eq. (6.26), using Eqs. (6.31) to (6.33) and recalling from Eq. (6.8)

that u;(t) S,1 xm(t) + 822 u s gives:

Ex(t) = A, ex(t) + ByISy) xp(t) + Sp uy

Rp(DE(E) - €, ex(t) TT(E) T r(e)]  (6.38)

The time dependence of the variables is omitted in the sequel for

.brevity. Thus the adaptive system is described by

éx - Apex + Bp[821xm + Spoup = Kyr - Cpexrrir] | (6.39)
and

Ky = Cpeyr’T (6.40)
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For the positive definite function given 1in Eq. (6.36), {its time

derivative is given by :

V=e TPéx + éxTPe + 2 Tr[S(Ky - K)T'IKITST] : (6.41)

X X

Substituting Eqs. (6.39) and (6.40) into Eq. (6.41), we have

: T Tr
V=e P[Apex + BpSp1Xm + BpSoguy — BoKyr — BoCoeyr Tr]
X Ty T
+ [Apex + BpSyixy + BySyjup = BoKyr — BChe,r Trl'Pe,
+2¢eT T sT sk - 0r
= e, T(PA, + A TPYe, - e T(PBC, + ¢ TR, TRYe, rTTr
- 2 e TPB_ Kyr + 2e PB (S +5 )
x op 1 'x ~opO21%m 22Y%n

~

T T gT -

+2 e Cpt 8 S(Ky - K)r

-l T - T Tg T T
ey (PAp + A, P)ex' ey (PBp.cp + Cy By Ple,r'Tr
-2 e (C,T ST s - lRyr - 2T T STs KR

+ 2 exT P Bp(321xm + Spoup) ) ' .' ’ (6.42)

Choosing Cp such that CpT sTs=p Bp, ﬁq. (6.42) becomes

V = exT(PAp + APTP)ex -2 exTPBp(sTS)'l BPT Pe r’ Tr

T~.TgsT gk T -
~2e, Cy ST SKr+2e, PBy(Syxy + Spouy) (6.43)
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Substituting :Eq. (6.37) into Eq. (6.43), we obtain
V=eTIP(A - BKC ) + (A, - B.K.C yTple
x P~ Pple’p p = PpRe®p x

T Tg)-lg T T 7
- 2e, PB(S'S) B " Pe, T Tr

P

+ 2 exT PBP[(SZI-TS()XU‘ + (322 - ;é’)uml (6.44)

~

with the choice K, = S, and K, = Sp9s Eq. (6.44) reduces to

V= e, TIP(A, - BRCp) + (A - BX,Cp)Ple,

pe’p P'e”’pP
-2 e, P8, (sT) 718 TP e, rT Tt (6.45)
Let Q = - P(A, - BK,Cp) - (A, = BK.C)T P (6.46)

Eq. (6.45) becomes

Va-eT0e, -26TPB(sT)1BTrPe TTr (6.47)

If T i1s chosen to be positive semidefinite, the second term in

Eq. (6.67)- will he negative semidefinite in e

~

% Then we choose P

such that for some K., Q is positive Adefinite. Consequently, V is
negative definite in ey, and V is. a Lyapunov function for establish-
ing the asymptotic stability of the zero state of Eqs. (6.39) and

(6.40).

-2
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To summarize, a sufficient condition for asymptotic stability is

(1) T is positive definige

(2) T is positive semidefinite’

(3) P B, = c,T(sTs)

(4) P 1is chosen such that P(Ap-Bp Ee C,) + (Ap--_Bp Ee CP)TP

is negative definite for some Ee'

Under the above conditions, the plant output will asymptotically
track the model outpit. Furthermore, since the derivative of V is
negative semidefinite in the auémented state [ex(t), Ki(t)]}, the
adéﬁtive gains will be bounded.

It should be noted that conditions (3) and (4) together are
equivalent to requiring that the plant‘ transfer matrix
Z(s) = Cp(sI-Ap + Bp.ie Cp)‘; Bp be strictly positive real for some
feedback gain matrix Ee' For the definition of positive realness and

strictly positive realness of matrices, see Appendix B.

6.3 Instability Problem Caused by Rigid Body Modes

It is well-known that the zero frequenéy rigid body modes are
unstable modes. Simulation results show that this adaptive control
algorithm fails to stabilize these modes and yield stable states or
outputs. These probleﬁs may be verified analytically. They are
treated as critical cases of stability problems for autonomous

differential equations developed in Ref. 52. Let

% = Ax + g(x) | » (6.48)
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be the given differential equation, where Ax represents the linear
pért and g(x) the nonlinear part. The real‘parts of the eigenvalues
of A are assumed to be nonpositive. The critical case refers to the
situation where some of the eigenvalues have zero real ﬁarts. If the
matrix A has a double zero‘eigenvalue and if the reduced equation can

be written in the form

6+1

-2
1 +...)+m2h(wl,m2) - (6.50)

.= Y |Y+1 6+l
w, aml+a wy +...+w2(bw1 b'w
(where g is at least of second order, Y and 6 are positive integers),
then we have the following sufficient conditions for instability due

to Lyapunov [53}.

The equilibrium is ﬁnstable,-if one of the following conditions
is satisfied:

(1) VY even;

(2) v odd, a>0;

(3) Y odd, a<0, 6 even, Y2 8§ + 1, HO0;

(4) Y odd, a<0, 6§ odd, Y > 26 + 2;

(5) Y odd, a<0, § odd, vy = 26 + 1, b2+4(s+1)v > 0;

(6) the equation for &2 contains only the term h(wl,mz)-
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To apply the above criteria to our case, the syétem equations

are rewritten in the form of Eqs. (6.49) and (6.5Q) by defihing

J=(Cp -Cp] | | (6.51)

A Xm )
*p
Then
ey = CyXy = Cpx, = q£ (6.53)
since
e
: y . ‘ L
r = X < : (6.54)
u
m
Tey _ 0 .
- T
T = xm (6.55)
4] T :
um
Hence

Trr maTlr T o T o
T Trmey Tyt TamXm* o Typ m

- xTJT ;ey Jx + imT Exm x, + C (constant) (6.56)

Therefore the system equations (6.1) and (6;3) can be rewritten as,
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x A O B u

x m m A . mm
X = = x +
x 0 A BJx (xXJTT JM+xTT X +0C)
p P p ey m xm'm
0 .
+ (6.57)
BK_.r . ! :
pl
K. =e r' T (6.58)
1 ey .

As stated 1in Chapter VII, in the present study, we concentrate
on the space station attitude hold only, i.e., u, = O. In this

special case, the corresponding u;'s are Xpi (modal amplitudes) and

wy's are ;‘pi (modal amplitude rates), respectively. For a certain
mode, its corresponding block in matrix A is
0. 1
2

“2ggey wy

Hence for rigid body modes, it becomes [g (l)]which is exactly the

form represented by Eqs. (6.49) and (6.50). Taking the 6-DOF model
as an example, it is. found through tediouslexpansion that vy = 3, and
a < 0; hence, the possibilities of satisfying condition 1 dr 2 are
excluded. One of the remaining conditions may still be satisfied
although the expansion will be extremely tedioua and 1s not done

here, Note that the above conditions are sufficient conditions;
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therefore, the equilibrium state of the system may still be unstable
even though none of them are satisfied.

If ug, is equal to some constant instead of zero, the analysis of
stability will be different. Since the term BPJQC'in Eqﬂ (6.57) 1is
linear 1in Xps 1t should be added to A This changes the
corresponding matrix A in Eq. (6.48) and its eigenvalues., The zero
frequency modes would disappear, and the stability of the sys;em will
 be entirely determined by the eigenvalues of matrix Af If any of
them has a positive real part, instability of the system can be
concluded immediately.

6.4 Plant Augmentation

To solve this unstable rigid body modes problem, a method
referred to as plant augmentation 1is proposed. . The ‘plant
augmentation 1is accomplished by introducing an inner control loop in
the pl;nt. |

Consider the equation of motion (Eq.: (3.18) or (3.66)) before

the damping term is added,

MZ  + KZ, = Bu

P p p (6.59)

After the inner loop is Introduced, the above equation becomes

MZ, + KZ, = Bu, - Ky, Z, . (6.60)

where Kp; 1is the inner loop control gain matrix. By rewriting Eq.

(6.60) as follows;
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MZ, + (K + Ky )Z, = Bu (6.61)

P P

one can see that the modal characteristics of the plant have been
altered due to Kyj. By choosing the values and structure of KIL’ the
rigid body modes will no longer have zero frequencies.' As a result
of this plant characteristic change, a stable adaptive control system
can be realized. It is important to note that to design such an
inner loop, one does not require accurate knowledge of the plant.
This is because the inner loop controller can be made very robust by
choosing the loop only at the location where the controllability . is
the highest for the rigid body modes. Furthermore, the exact values
of the augmented rigid mode frequencies are hot important and what 1is
important is that they are different from zero. Looking from another
point of view, the stability of the adaptive system has been improved
‘by the highly robust inner control loop.

Taking the two-panel configuration as an example, the inner loop

gain Ky is chosen to have the following form:
KIL = diag(O, 0, Kzz, Kez, 0, 0) (6-62)
This selection is based on the fact that the rigid body modes are

largely determined by the core body of the space station. To

determine K;,, we refer to the following block diagram:
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Since the transfer function H can be written as

H o= ——— ’ ' (6.63)

2
MZS' + KZ2

the natural frequency Wzo for the rigid body translational mode can

then be estimated as,

K72

?

Similarly, the natural frequency wg, for the rigid body rotational

- mode is -
K .
~ 02 .
mez = -T;—" (6.65)

Hence, the selection of Wgy and wgy determines the values of Kzé and

Kez-
Extending the above approach to the four-panel configuration is

straightforward. Kyj, 1s now of the form:

KIL = diag(o0, 0, 0, 0, 0, O, Kz4s Kogs K¢4s O) o, 0, 0, 0, 0)
(6.66)
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Including the effects oprayloads, the natural frequencies of

the rigid body modes are estimated as follows,

K
~ 24
w,, = | 22— : (6.67)
24 M4+M8+M9
) K
wgy = > 84 > (6.68)
Iloyy+M8L8 +M9L9 +18ys+;9ys

o .
w,, = , , _ ) (6.69)
o4 I4xx+-18xs+19xs K '

Again the selection of wy,, wg, and wyy4 determines the values of Kz4;
Kea,iandrK¢4, respectively.

With the 1inner 'loop introduced, the space station adaptive
control system block diagram is shown in Fig. 20.
6.5 Sufficient Conditions for Global Asymptotic Stability

After solving the problem of zero frequency rigid body modes via
plant augmentation, we need to find sufficient conditions that will
maké the space station adaptive control system globally
asymptoticaily stable. Referring to Section 6.2, we have to select a
positive definite P satisfying PB, = CPT(STS), and for which

Q P(_Ap Bp Ky Cp) (Ap Bp Kecp) P is positive definite for some Ke‘
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Before deriving the sufficlent conditions for globally
asymptotic stability, we consider first the characteristic equation
of a symmetric matrix for determining its eigenvalues.

Let W be a symmetric matrix having the following partitioned

form:

A, A '
1 3
Let A be an eigenvalue of W. Then ]
A A v v
[Al A3] [\)l]’= A[ 1] (6.71)
s % 2 V2 : .
where [vl v2]T is8 an eigenQector of W corresponding to A, i.e.,

Alvl f A3v2 T A v1 : : - (6.72)

A3vl + A2v2 = A v2 o ‘ (6.73)

From Eq. (6.73)

Ay vy = (A I-A4) vy . (6.74)

Hence

-1 ' : 4
Vi = Ay T QAL - Ay, (6.75)
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Substituting Eq. (6.75) into Eq. (6.72), we have
A3 vz = (A1 - Al)v1

= (A] - Al

)A3'l O = Ay, (6.76)

i.e.,

1

[A; - (AL - A )A3' (AL = 4,)]v, = 0 6.77)

1

Define the matrix inside the brackets in Eq. (6.77) as " A,i.e.,

~ -1
A= A3 - (A1 - Al)A3 (x; - A2) (§.7§)

-~

Since A is a diagonal matrix, in order to have a nontrivial solution

” v2, at least one element of A must be zero.

Expanding Eq. (6.78), we have

~ 2,-1 -1 -1
A= A3 - AA3 (A1+A2) + (I&3 1\11\2 - A3) (6.79)
To find the first set of sufficient conditions, let
I aI . .
al I
sTs = 1 | - (6.81)
¥ =k Tk ' (6.82)
e ‘1 71
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then

I al 0 1 al 0
PBP = =
T T.T
al 1 B al 1 C
¢p <bp
ad TC'r
= ‘ =C . (6.83)
o TcT P
p

and the condition PB = CpT(STS) is satisfied.

P
Since P 1is required to be positive definite, all of its
eigenvalues must be positive. Referring to Eqs. (6.70) and (6.80),

the corresponding Ai’ AZ and A3 here are

Ay=T o ' S © (6.85)
Ay = aI (6.86)

In view of Eq. (6.79), we have

2 . '
A A 1
X-.a_l_.a(zj[)...(zl-al) (6.87)

or

A= 121 - 221 + (I - a21) (6.88)
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Hence a typical pair of eigenvalues are found by
2 2
V-2 + (1 -a)=0 : (6.89)

The roots of Eq. (6.89) are given by

N £ V4=4(1-02)

1,2 3 =lza o (6.90)

Note that a > 0, hence

Ap=1+a>0 | - 69D
For Ay = } ~a >0, we reqﬁirg

a<1 - (6.92)

Referring to Eq. (5.6) or (5.16), we define
A= 2 ’ (6.93)

and assume the same damping for all modes,

C - CI = ;2 = see = ch (6094)
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Then the matrix Ap can be written as

0 I
A = (6-95)

P -A -2;A1/2

Substituting P, Ap, B Cp and Ke into the equation for Q,

p’

= -P(A,- Bp eCp)-(Ay- BpKeCp)TP

1 al 0 1 0

, T
- - . - . K, K, [%c¢p c¢p]
al I -A =2ZA ¢pC
. T
0 I 0 1 al
T
s - . Kl !(1 [éc¢p C¢p]
-A -2zA 4, C ' al I
[ 0 1 0 0
, 1/2 | TT T - TT T
A o=2EatT ad CK) K\ Ch ¢ "CR K, Co
(i 0 0 Tr: a1
' TT T TT T
o -2aY ag, C K K\Co, & "CK K Ch ol I
) 1 _
=T _ Copall2_, T.T. T
1 A ad, Te xl % 160, 2eA"" -9 TCTR, x1c¢P
0 -A-a¢pTCTKlTK o I aI
1 -2;A1/2-¢pT TxlTx celfor 1
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2 . T.T. T .
a@p C'K, xlc¢p

2. TT. T 1/
-al-a ¢p C Kl ch¢p I-2azA

.. T.T, T .. 1/2 . T.T, T
-A a¢p CK, K1C¢p al-2ZA ¢p CK, ch¢p
_ 2, T.T, T hms TAT, T
alA-a ¢_’p C Kl )(1C¢5p | A a¢p C Kl ch¢p
' 1/2 T.T T 1/2 , T.T, T
1-2azA a¢p C'K, ch¢p al-2ZA ¢p CK, K1C¢p
2, TT, T 1/2 T T, 6 T
_al+a ¢p C'K, xlc¢p 1+2azZA +a¢p C'K, K1C¢p
TT T 1/2 , T.T, T
A+a¢p CK, x1c¢p ~aI+2CA +¢p CK, ch¢p
2, T.T, T T.T, T
+
al+a ¢p C Kl K1C¢p A+a¢p Cc Kl 1(1C4ip
+
1/2 T.T, T /2., T.T, T
I+2azA +a¢p C'K, ch¢p - =al+2CA +¢p C'K, ch¢p
r~ .
: 1/2 2, T.T, T T.T, T
A -
2a A-I+42azA a 4>p C Kl ch¢p a¢p C Kl 1(1C4>p
+ 2
1/2 1/2 T.T, T T.T, T
A- A - ,
i I+2ag 2aT+4ZA a¢p c Kl ch¢p ~¢p C Kl ch¢
[ ' 1/2 T.T T
2ah A-I+2azA ¢ °C 0 tul(l ‘
. + 2 P _ X
A-1+20gA/2 _oarasgal/? 0 ¢pTcT xlT
C 0
¢p ,
[aKl xl] (6.96)
0 ¢ ) : -
¢p _
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The second term in Eq. (6.96) is apparently positive semidefinite.
Hence in order to make Q positive definite, the first term must be

positive definite. Let

2aA . A-T+2azAl/2
Q = ; (6.97)
.A-I+2u§A1/2 -2a1+4cA1/2

referring to Eq. (6.70), the corresponding Ay, A, and A4 here are

Al‘s 2aA (6.98)
AZ' a - 2a1+4z;l\1/2 | (6.99)
Ay = A-T+2azAl/2 (6.100)

Substituting them into Eq. (6.79), we have

ia XZ(A-I+2aCA1/2)_l>- X(A-1+zucA1/2)'?(2aA-2a1+4;51’2)

+ (-1+20eA 2y 2an) (<2am0420t/2) - (A-mr20ea?) (6.101)
In order that (A—I+zughllz)"l.exists,

| |A-1+20201/2| £ o S | (6.102)
i.e., w12-1+2aani $0, for ixﬂ,l, see Np | (6.103)
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1w

. .
o * ZCwi . for 1 1, eee, Np v (6.104)

Fxpanding Eq. (6.101), we have

. . 2
[ > 1 0 . 1 ° 2cu1 -Znﬂowl 0
w. “=1420fw w_ “=142afw ~
Aw S -2 o ~
-~ ~
Sl 1
4] ——— (4] ——— 0 200 =2 obhTw
2 2_ Np Np
i wNp IOZGLNNP “NP 1+20(mnp .
2
Zaml (-zou.;wl) 2
—_2"_"_—’ ‘ 0 Nl 714’20“01 '
ml -1+20(u1 ’ N~
. ., - . (6.105)
~
200, (-20¥4t0,, ) 5,
0 —-21-—-—9— ) w120ty
u“p-1+2u:uNp

i.e., the characteristic equations are,

2auw 2-20+4cw 2aw 2(-Za+6;w Y-(w 2-1+20;w )2
1 N2 0 1,, % L 1 o
2 2 . 2 '
0y -l+2<!Cwi w, -l+2u;¢u1 wy -l+2ccwi
for 1 =1, «.cy Ny (6.106)
or ‘ '

2

2 2 - 4 2 2 2 2 2 3
A -(2aw1 2a+4cw1)k-(mi +1+4a°L w, -24»1 -4acw1+4a wy -465@1.) =0

for 1 = 1, vuea, N (6.107)

P
Note that for the quadratic equation:

A+ +C=0 (6.108)
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the roots are,

A -b+Jb -hac

1 - 2a - (6.109)
—b-J; ~bac ’

Hence, in order to have Al >0 and-xz > 0 we must have

b<O , (6.111)

ac > 0 _ (6.112)
- Referring to Eq. (6.107), the conditions for positive A\;'s are then,
2wy - a(1-wd) > 0 , for 1 = 1,..., N, (6.113)

lf4u§wi—(2-4&2-462C2)w12—6utw13+m14<0 s fori =1, ..., Np (6.114)

"To summarize, the first set of sufficient conditions for

globally asymptotic stability is given by

T is positive definite
T is positive semidefinite

a<l (6.115)
1-,°
o ¥ o (6.116)
i
2wy - a(1l-w32) > 0. : (6.117)
1-4agw;~(2-4a2-4a222)0 2-dagw, 3+, 4 < 0 (6.118)

for i-- 1, ceey Np.
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To find the second set of sufficient conditions, we select

BI al
al I )
sTs = 1 (6.120)
Ko = K 7Ky o (6.121)
Then
BI al 0 a¢pTCT
T
PB_ = = =C (6.122)
P . TT TT P
al I ¢ C ¢ C '

and the condition PB, = C,T(STS) is satisfied.
Since P 1is required to be positive definite, we have, first of

all,
B>0 ' (6.123)

“and the eigenvalues of P must be positive. Referring to Eq. (6.70),

the corresponding Ay, Ay and A5 here are

Ay ~ 81 : » (6.124)
Ay= 1 S . . (6.125)
A3 = al ’ (60126)
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Subhsgtituting them into Eq. (6.79), it becomes

o a2 A 8

K=o - (BI4D) + (51 - aD) (6.127)
or

A= 21 - (B+1)I + (B-a“)I (6.128)

Hence, a typical pair of eigenvalues are determined by
A2 - (B+1)A + (B-a2) = 0 (6.129)

Referring to Eqs. (6.111) and (6.112), the conditions for positive

Ai's are

8> -1 (automatically satisfied) (6.130)
and

8 > al - ‘ o . (6.131)

Substituting P, Ap, Bp, Cp and K, into the equation for Q, we have

~ ~ T
Q = ~ P(Ay=BK.C.) = (A-B K,Cp)™P
8I oI o 1

T

T T 1/2 , T.T. T
al I A a¢p c K, Rlc¢p -2CA -¢p c K, xlc¢

P
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T.T, T
Q -A—a¢p C Kl .l(lebp BI al
, 1/2 . T.T T X
I. =2zA°° -¢p CK, ch¢p al I
2, TT T 1/2 TT, T
~aA °,¢p C'K, ch¢p BI-2azA a¢p C'K, ch¢p
TT T 1/2 . T.T. T. ..
_-A u¢p CK, x1c¢p al-2zA ¢p,c K, ch¢p
2, TT,6 T T.T, T
~al-a ¢p C Kl ch¢p A a¢p C Kl ‘KlC¢p
. 1/2 T.T, 6 T : 1/2 , T.T. T.
BI-2azA a¢p C'K, ch¢p al-2zA ¢p C'K, ch¢p
2, T.T, T 1/2 TT, T
aA+a ¢p C'K, xlc¢p BI4+2azZA fa¢p C'K, K1c¢p
TT, T 1/2. ., T.T, T
A+a¢p CK, ch¢p al+2ZA +¢p C'K, ch¢p
2, T.T, T T.T, T
al+a ¢p C Kl KlC¢p A+o.¢p C Kl ch¢p
_ 1/2 T.T, T _ /2, T.T, T
BI+2azZA +a¢p C Kl KIC¢p aI+2ZA ~+¢p C -Kl chd’p
2. T.T T 1/2.. . T.T, T
2uA+2uA¢p C Kl ch¢p A-B8I+2aZA +2a¢p c Kl ch¢p
1/2 TT T 1/2 TT T
A-BI+2azA +2a¢p C K, K1C¢p 261+4¢A +2¢p c Ky xlc¢p
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1/2 T.T T

2al A-BI+2azZA °p c -0 aKl
- +2
r-s1+20zA1/2 garesral/?2 0 ¢pTcT xlT
e, o
[aK1 K{] (6.132)
0 co

Again the second term in Eq. (6.132) 1is apparently positive
semidefinite. Hence in order to make Q positive definite, the first

term must be positive definite. Let

2aA l\-BI+2<:Lz;l\l/2

Q, = : (6.133)
A-81+20cAt/ 2 -2areszal/?

referring to Eq. (6.70), the corresponding Al, Az and A3 here are

Ay = 20A , (6.134)
Ay = - 2aT+4zA1/2 (6.135)
Ay = A-8T+20z01/2 (6.136)
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Substituting them into Eq. (6.79), we have

X = a2(a-s1+2020 Y 2 Lo (a-81+2020 Y 2y (2an-2a1+420 1 2
+ (-re2aaa By 2any(-2arehenl/ By (a-pre2aealy (6 137y
In order that (1\-81-!-201:;1\1/2)'1 exists, we must have
|a-81+2020 /2 4 o
1 2 g4 $ for 1
LY -Ta wi -8 + Zucwi 0 or 1 = l, veey Np (6.138)
3—w12'
ioeo, a * 2;(.01 for i = l, sy Np (6.139)
Expanding Eq. (6.137), we have
- o - 0 2au12-zn+acu1 )
- 2 9y -8+2¢(wl “ -B+2¢(w1 SN N
A=) So =2 o ~ ~
1 S ST
° u“:-8+2ﬂwnp 0 UN:-B'PZGKNNP o 2 Np 2otic Np
200 2(—2'“4;: )
1 1
° v, i-tr20c0, 0
* Ss. 200, Ty DI 2 ~ (6.140)
0 —Kp__Wp 0 “up -hzac%p

2
”Np MZucu‘p
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Thus, the characteristic equations are,

IZaw 2—2a+4;w 2aw 2(-2a+ACm )-(w 2-8+20Cw )2

1 XZ— i i " i i i i’
2 2

“1 -8+2a;w1 _ A w, —B+Zacm1

=0
2-8+Zacm

9y 1

fori =1, «¢., N (6.141)

P

i.e.,

.2 2 4 .2 .22 2 _ 2 2
A -(Zawi —2a+4cwi))\—(mi +B +4a"T mi —28wi -4u8cwi+40 @

2 3
4 -éucmi )=0

for £t =1, ..., N (6.142)

p

Referring to Eqs. (6.111) and (6.112), the conditions for positive

Ai's are then,

2Lwy - a(l-ug?) > 0, for 1 = 1, oy Ny (6.143)
: 82—4aB;w -(28-4&2-4d2c2)w 2 _ 4daZw 3+w 4 < 0,
i i i i
for { = l, sy N (60144)

p
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In summary, the second set of sufficient conditions for globally

asymptotic stability is given by

T is positive definite

:F is positive semidefinite

8> ol ‘ (6.145)
B-wiz -

a ¥ 5 (6.146)
i . .

220y - a(1-032) > 0 " (6.147)

B2 - 4aBrw, - (28-4a2-4a2g2)u,2 - bazud+w, 4 < 0 (6.148)

for 1 = 1, es ey N.p

As we cohpare the above two sets of sufficient conditions; it is
apparent that the second set gives us more freedom for selecting the

.8ystem parameters.
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A CHAPTER VII
PERFORMANCE ANALYSIS AND PRACTICAL CONSIDERATIONS

The purpose of this chapter is to 1investigate the dynamic
responses of the space stations under the severe disturbances as the
adaptive controller deécribed above 1is applied without assuming the
complete knowledge of the system parameters. In addition, from the
point of view of practical implementation, means of reducing the
control efforts and their effects on the performance of the system
are studied.,

Crew motion, refoost, and vehicle docking are the major
disturbance sources. They will also cause changes of mass
property. Crew motion will shift the centér of mass, reboost
- will result in gradual mass reduction, and vehicle docking will
spontaneously iﬁcrease mass and inertia of the system. From the
point of view of time-varying effect and the level of disturbances,
-8pace shuttle docking 1s by far the most significant source of
disturbance. Since most of the cases studied hgre are |
related to shuttle docking, the docking characteristics and
.devices are described first in the following sections.

The simulation programs are written in Advanced Continuous
Simulation Language (ACSL). The program and numerical results of the
simulation of adaptive control during shuttle docking for the 19-~DOF
four-panel space station are 1listed 1in Appendices D and 'E,

‘respectively.
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7.1 Shuttle Reaction Control Subsystem Residual Rates
The shuttle Reaction Control Subsystem (RCS) consists of two
major parts, the primary (PRCS) and the vernier (VRCS) subsystems.
There are a total of 64 thrusters, 38 of theﬁ are associated with the
PRCS, each has a nominal thrust level of 870 1lbs; and the other 6 are
assoclated with the VRCS with a thrust level of 24 1lbs each. Phase
plane control laws are employed to determine when actuations are
needed and jet select logics are used to determine what thrusters are
» | to turn on. The states of the system are estimated by a two-stage
state estimator with a dual cycle time of 86 ms and 160 ms.

PRCS is normally employed for AV change, attitude maneuvers, and
coarse attitude control; and the VRCS is for fine attitude control.
Sipce shu£t1e docking ¥equires raneuvers, PRCS must be used. Due to
the high thrust level of the PRCS, and with more than one jet used at
the same time to maintain attitqde' and approach rate while
maneuvering, large residual rates result. The best achievable
(minimum) residual rates, 1.e.,' rates obtained wunder 1ideal
conditions, are AV = 0.05 ft/sec and Aw = 6.20 deg/sec; However,

‘these minimum rates are difficult to realize under nominal
operational con&itiqns and much higher rates are expected. These
expected rates arern the order of AV = 0,50 ft/séc and Aw = 1.00
deg/sec. Figure 21 shows the shuttle control systeﬁ block diagram
and residual rates.

For the ©purpose of performance analysis, the -following

assumptions are made regarding the shuttle and space station docking:
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(1) Throughout the docking perfod, the space station attitude
control system will maintain operational on attitude hold
mode.

(2) Just prior to the contact, the shuttle RCS is set at
passive mdde, i.e., no thrusters are allowed to fire.

(3) Once . contact 1is made, latching 1is assumed, i.e., no
separation is allowed.

7.2 Design of Shuttle Docking Devices

Shuttle hard docking 1s a rather idealized céndition. Under
this condition, the shuttle momentum 1is transferréd to the space
station for a short period of time, At. At the end of At, the
station and the shuttle are latched together as one integrated body.
The initial momentum of the shuttle is determined by the shuttle
mass, M, = 7.81 x 10> slugs (2.52 x 105 1bs) and inertia, I_ = 7.54 x
106 slug—ftz, and the shuttle residual rate AV and Aw (see ?ig. 21).
The final velbci;ies are, of course, determined by the combined system
mass and inertia.

The concept and design of a shuttle docking device which can
‘simulate both hard and soft docking is shown in Fig. 22;4 The space
station and shuttle are considered a; two separaté bodiés coupled by
a set of angular and rectilihea; springs and daﬁpers. Let Mg and I
be the shuttle mass and inertia, and My and I, the mass and inertia
of the station.: The values of the spring constants and damping

factors can be computed using the following equations:
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I, 1

2 2 s i

KA = wA (-—————-I T 1 ) (7.1)
2 8

I, L '
DA= chwA(Tz'l'—I;) - (7.2)

© 2 MZ Ms
K=o \ i+ w (7.3)
. 2 s

My M - :
DL = chwL(m) (7.4)

where K., D, w

A A Wp? ;A are the spring constant, damping factor, natural

frequency and damping ratio for the set of rotational spring and damper,

respectively. Similarly, KL’ DL’ w are for the set of rectilinear

L CL
spring and damper. The detailed derivation of Eqs. (7.1) - (7.4) is

given in Appendix C.

With this design, shuttle hard docking can be simulated4by using
extremely stiff springs and dampers while for soft docking, much
weaker springs and dampers are employed.

7.3 Performance of Adaptive Control on the Two-Panel Space Station

As stated in Chapter II1, the 6-DOF two-panel space station is
used extensively to evaluate adaptive control problems and
performance ‘because of the associated reasonable simulation
turnaround time and cost. These results provide valuable guidance to
the understanding of the performance of s8pace station adaptive

control systems.
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7.3.1 Aﬁgmented Plant Modal Properties

Following the approach described in Section 6.4, the following inner-
loop control gains afe chosen:

K

62

K22

45662 ft-1b/rad

4464  1b/ft

This plant augmentation has caused changes of modal properties from
those shown in Eq. (3.27) of the unaugmented plant. The modal frequencies

and mode shape matrix for this augmented plant are,

Wp1 = 0.01163 Hz

wpy = 0.039 Hz
wp3 = 0.0656 Hz :
(7.5)
wpy = 0.1684 Hz
Wps = 0.3892 Hz
Wpg = 0.3947 Hz
and
-.921E-1  .128 ~.922E-1  .144E-1 178 .178
.382E-3 -.704E-3  .705E-3 =~.264E-3 -.S44E-2 -.549E-2
. .382E-9  .177E-3  .641E-8 -.158E-1  .185E-2  .226E-5
oG, =
P

e332E-3 =-,745E-8 -—.465E-3 -,959E-9 «135E-6 -.117E-3

+382E-3 . 704E-3  .705E-3  .264E-3  .546E-2 -.548E-2
(7.6)

The corresponding mode shapes are plotted in Fig. 23. As can be
seen, the four lower frequency modes have changed substantially, and
most {importantly, the two evolved rigid body modes no longer have

zero frequencies.,
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With the modal dampings assumed to be Zok = 0.5% for all modes,

the Ap, Bp, and C_. matrices in Egs. (5.6), (5.7) and (5.8) can be

P
readily determined.
7.3.2 The Selection of the Reference Model

To evaluate the performance of the adaptive controller, the
reference model 1s selected to have lower order, significantly
different modell parameters, and high damping. It consists of 4 modes
(corresponding to the 4 low frequency modes of the plant) or 8 states

Xps 4 inputs u , and 4 outputs Ym which are defined as follows,

m
r nm N
x = === a.7
nm .
Y1
. = n2
m u (7.8)
m3
| mé4 ]
Yal a1 * om
y = Ym2 - Wy * §m2 ' 7.9)
n Ym3 uem2 * ?m2 ' )
Ymé4 aem3 + ein3
the corresponding system matrices %, By and Cp are
1
04)(4 i Il»xlo '
-] e — - e e e e
Ay , - . (7.10)
- | - '
wm1~ < 9 ! 2t’.mlmtnl\
Omé : -zcmlowmlt
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(7.11)

(7.12)

where B and C are shown in Eqs. (5.9) and (5.10), respectively. The

modal frequencies for the reference model are,

"Wy = 0.02 Hz
) = 0,03 Hz
m2 (7.13)

w4 = 0.06 Hz

The modal dampings are ka = 0,707 for all modes. The position to rate
measurement weighting factor a = 0.2 and the gain weighting matrices
T = T = diag (2.5 x 109, 2.5 x 109, 2.5 x 10!1, 2.5 x 109, 1000,
1000, 1000, 1000, 1000, 1000,. 1000, 1000, 400, 400, 400, 400’ are
used. B
- 7«3.3 Adaptive Regulator Control

7.3.3.1 Controller Performance with High Initial Transient

The purpose here 1is to evaluate tﬁe convergence property of the
adaptive controller fof the attitude hold and vibration suppression
under very'lgrge initial transient conditions. The 1n1t1a1:c9nd1tions

for the plant are:
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Zp1 = - 3.699 ft z,) = = 0.877 ft/sec
6, = 0.860 deg épl =  0.336 deg/sec
Zpp = 0.345 ft 2,y = 0.035 ft/sec
« ] (7.14)
epz = 0.937 deg epz =  0.037 deg/sec
Zy3 = 4.071 ft 2,3 = 1.045 ft/sec
9p3 = Q.723 deg 6p3 = 0,387 deg/sec

These conditions were. taken 10 seconds after the shuttle docked to
the space station with the shuttle 1inftial approaching rates of 0.2
deg/sec and 0.05 ft/sec. The corresponding values in the modal

coordinates are obtained through the following transformation,

' -1

n, =¢ * 2

PP P (7.15)
. - _1 .
Np = 07 Zp

The 1nitia1'c0nditions\for the reference model ‘are
nmi = 0,9 npi
(7.16)

Ny = 0.9 “pi

for { = 1, .ee, 4.

The simulation results for this case are shown in Figs. 24-29.*
Figure 24 shows the outputs of the plant and the model. The model

outputs damp qut quickly because of its high damping, and the plant

*
The remaining figures are at the end of this report.
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outputs track them asymptotically and converge within 100 seconds
from the transient starts. Tﬁe same behavior 1is observed in Figs. 25
and 26 for the plaﬁt and model physical states. In Fig. 25, ZZp
follows Zzﬁ better than le to Z;, or Z3p to Z3, because a force
aétuator is employed at the central bus; thus, at this position,
linear displacement can be controlled more effectively. Figure 27
indicates that the four lower frequency modes of the plant also
closely follow the correspoﬁding modes of the ﬁodel altﬁough node 2
damps out at a sloﬁer pace. Mode 1, the rigid body rotational mode,
~is apparently the dominant mode of the system. The two high
frequency modes’shown in Fig. 28 also converge to zero within 100
seconds. The requirgd adaptive control iﬁpu;s, “pi' are plotted in
Fig. 29. The demand on bus control torque is quite high, almost
3,000 ft-1b under these high initial transient conditions.

7.3.3.2 Controller Performance with High Initial Transient and
Measurement Noise

The measurement noises of the sensors are assumed to be zero-
mean gaussian white processes. The level of the noises are taken to
be two orders of magnitude lower than those of the peak outputs. Under
these assumptions, the measurement uncertainties for .the
accelerometers are 0,012 inch and for the gyros are 20.63 sec. The
qualities for the sensors in existence today are much better than
these. For instance, the accuracy of the gyro used on High Energy
Astronomy Observatory - 1 (HEAO—I)Iis 0.5 Bec.

The plant and model outputs are shown in Fig. 30. Apparently,

the measurement noises have no significant effects on the high rate
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of convergence and stability of the systém although yp3 has some
noticeable fluctuations throughouﬁ the time history. Figure 31 shows
the adaptive control ihputs. .The bus control force up2 fluctuates
highly during the first 25 seconds which 1s quite different from that
of the case without measurement noises. After the initial transient,
all the control inputs are associated with sustaining or even
increasing flﬁctuations. Coﬁtrol energy 1is wasted by reacting to
noises after the steady state 1is reached. One way to solve this
problem 1is to employ a threshold at the actuator input. Control is
applied to the system only when the input exceeds the threshold
levels. Nevertheless, controller robustness 1is observed even with a
high degree of measurement nolses applied to the system.
7.3.4 Adaptive Control During Shuttle Docking

The following simulations are designed to test the controller
pgrformance and stability -using shuttle docking dynamics. To
simulatg ;hese cases, a docking disturbance term Bd“d is added to the

right-hand. side of Bq. (3.18), where

(7.17)

n.w

]
QOO OO
COmOOO0

-

n.t:

. L
M
n."’n:’u
| I

and Fy; 18 the docking force, Ty is the docking torque applied to the

space station. F4q and Ty are determined by the following equations:
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Fq = D (ZShuttle = Zp2) * Ky (Zghyurele - sz) . (7.18)

Tg = Dy (Bghyetie ~ ep2) + Ky (Oghyetle = ep2) (7.19)

and the equations of motion of the shuttle are characterized by

Zghuttle = ~ Fa/Mg (7.20)

S shuttle = - Td/Is : (7.21)

where M, 1is the mass and I is the moment of inertia of the shuttle.

- The shuttle residual rates (rates prior to docking) are:

Zohuttle (0) = 0.05 ft/sec (7.22)

®shuttle (0) = 0.2 deg/sec (7.23)

7.3.4.1 Shuttle Hard Docking

The control objective here is to stabilize the space station so that
it returns to its prior docking condition after docking occurs. Thus
all of the initial conditions for the plant and the model are set to
zero. For regulator control, the input command u to the model is
zero. Since there are no model disturbances employed under the

" the reference model stays at its quiescent state

"unscheduled event,
throughout the simulation period. Thus the plant, while under the

influenée of the docking disturbances, is commanded to follow the zero

output.
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The following docking parameters are used in this case:

Dy = 2.313 x 103 1b/ft/sec

1.028 x 103 1b/ft

~
(o
]

» 7 (7.24)
1.86 x 10’ ft-1b/rad/sec

(=
»
[

8.25 x 107 ft-1b/rad

~
4
]

the corresponding damping ratios and natural frequencles are

linear: 0.707

Y
-
[

(7.25)
0.1 Hz

[§ .

0.707

angular: [,
(7.26)

wy = 1.0 Hz

This case is termed "simulated hard docking” becéuse the springs
and daﬁpers used are ékfreﬁélyrsfiff;‘ The simﬁl#tioﬁ resultsiaré
plotted in Figs. 32-39. Figure 32 shows that all of the plant
outputs converge to zero within 100 seconds after docking begins;
The results here are surprisingly good since, in addition to the high
docking disturbances and the parameter and truncation errors, we also
deal with a sudden increase of plant mass and inertia by more than
100%. The same performance is observed for the plant and model
. physical states in Figs. 33 and 34. 1In Fig. 35, all but mode 2 are
well damped. Mode. 2 shows a very 1lightly damped oscillation,

however, since the amplitude of this mode 1is very small and it
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presents no noticeable effects on any of the physical outputs. At
higher amplitude, the damping is also higher, the oscillation will be
decayed at a faster rate and it will pose no real problem to the
system. The two high frequency modes in Fig. 36 aiso show good
convergence rates. Figure 37 1llustrates the time historonf shuttle
angular posit;on and rate. It is not surprising to note that they
appear almost exactly the same as the central bus angular position
and rate (Figs. 34(b) and (d)) because after the hard docking, the
shuttle and. the station are supposed to combine and become one
body. Figure 38 indicates that the peak of the docking torque is
63,158 ft-1b.

To achieve the above performanée, a peak torque as high as 7500
ft-1b has to be generated by the bus torque actua;or (up3)las shown
in Fig. 39. This 1is extremely high and presents an implementation
problem. Of course, hard docking will not be a realiétic'docking
option due to its high trﬁnsient loads to the space station. Under
soft docking conditions, the torque should be much less.
7.3.4.2 Shuttle Soft Docking

The conditions for the shuttle soft docking simulation are thg
same as those of shuttle hard docking except that much weaker springs
and dampers are employed here. Specifically, the'following docking

interface parameters are used:
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Ny = 693.8 1b/ft/sec
K = 4’
L 92.49 1b/ft (7.27)
Dy = 5.57 x 10% ft-1b/rad/sec
Ky = 742 ft-1b/rad
the corresponding damping ratios and natural frequencies are
linear: Ly, = 0.707
(7.28)
mL = 0.03 Hz
angular: g, = 0.707
A (7.29)
= 0,003 Hz

Wa

Because of the very_low system natural frequencies yielded under
soft docking, it will take a much longer time for the spacé étation
to reach 1its quiescent state. Hence, the simulation time of 400
seconds is used in this case. The éimulation results are shown 1in-
Figs. 40-49, Referring to Fig. 40, all plant outputs except Yp2
converge slower than those of the hard docking case, especially yp3. In
Figs. 41 and 42, Zpl- zp3 and epz also show a significéntly slower
convergence raté. The same behavior is observed for ques 1, 2, 3
and 6 in Figs. 43 and 44. 1In contrast to the hard docking case as
expected, the shdttlg angulat position and rate as shown in Fig. 45
have experienced high excursions. However, with the adaptive control
system on the space station, the angular position and rate of the central-
bus have deviated very little from their nominal values (Figs. 42 (b) and

(d)). Figure 46 indicates that the peak of the docking torque is 190 ft-1b,
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substantially lower than the 63,158 ft-1b of the hard docking —- a
factor of 332. |

What makes the soft docking a desirable’ docking option 1is, in
addition to the reduced shock 1load, that the demand of control
efforts drops drastically. For instance, the peak of U3 drops to 300
ft-1b from 7,500 ft-1b of hard docking (Fig. 47). The comparison of
relative panei tip displacement and acceleration by employing

adaptive control vs. low gain bus control are shown in Figs. 48 and’

49, respectively. The dynamic load and panel deflection are mafkedly
reduced by using adaptive control. For example, with the adaptive
control, the peak pgnel deflection dtopsvto 0.41 ft. from 6.6 ft;
7.3.4.3 Shuttle Hard Docking with Actuator Saturatioﬁ

One way to relieve the high Aéctuatién demand‘ on the contro;
hardware is to employ actuator saturation through gain limiting. : To
~gtudy the effect of actuator saturation, shuttle hard ~doék1ng is
again employed here (for 'soft docking will take too 1long to

simulate). The following limits for the control inputs are used:

max u = S50 ft-1b
pl A

max |u , = 12 1bs

LI (7.30)

max u = 1000 ft-1b- R
P3

max [ u = S0 ft-1b
p4
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Figures 50-54 indicate that the system performance has degraded
compared with those without saturation (Figs. 32-36), as expected.
The peaks of the responses are higher and it takes longer time
periods for them to converge. It is also seen that the responses are
more jittering due to the bang-bang effect. Larger angular excursion
of the shuttle is also observed in Fig. 55. The docking force and
torque remain.unchanged (Fig. 56). Figure 57 shows that the control
inputs upy and Ups have not yet totally stayed within their linear
operation region at the end of 150 sec.

As the gain limit becomes more‘sevefe (one half the values shown
in Eq. (7.30)), the system performance degrades further as indicated in
' Fig. 58. Though it is believed that the outputs will still converge,
it will take a much lsnger time than the above cases. Moreover, only
ﬁpzlstayed within the linear operation during the simulation period
(Fig. 59).

- Regardless of the severe actuation saturations applied the
results show no sign of threatening the system stability. -

7.3.4.4 Shuttle Hard Docking with Model Switching and Disturbance
Modeling oo

Intuitively it is true that the control effort can be reduced if
after the shuttle docking contact is made with the space station, one
uses a new reference model in which the.shuttle mass and inertia are
incorporated and a simulated disturbance similar to the. docking
disturbance 1is injected. The plant outputs will now follow the new
model transient instead of the zero mpdel outputs. The reason for

the control inputs to be smaller is because of the expected smaller output
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errors. This has motivated us to study the effept of model switching
and disturbance modeling.

Since the ©plant 18 assumed to be poorly known, after
incorporating the shuttle mass properties, the mode shapes and modal
-frequencies of the 4 modes of the model are deliberately selected
with an error up to 20%Z. The disturbance force and torque inputs to
the reference model are taken.to be 2.25 sec-pulse of 173.78 1lbs and
0.225 sec-pulse of 116953 ft-1b amplitude, respectively.

The simulation results are shown in Figs. 60-65. The plant
outputs follow the reference model outputs reasonably well. By
comparing Figs. 60-64 with Figs. 32-36, it is found that the
convergence rates are about the same for thé two cases. As far as
the peak control inputs are concerned,‘up3 drops significantly from
7500 ft-1b to 2880 ft~-1b, and up? drops from 120 1lbs to 75 1lbs as
shown in Fig. 65. Hdwever;‘upl and ﬁp4 rise from 230 ft-1b to about
800 ft-1b. These results indicate that the concept of ‘model
sw}tching'is more involved than one may think. More study in the
area of peak control effort reduction will be required. In general,
~one should not'expect to reduce all the control efforts, but onlf tﬁé
critical ones.

7.4 Performance of Adaptive Control on the Four-Panel Space Station

The purpose of this section is to demonstrate the performance of
adaptive control on the much more complex 19-DOF four-panel space

station model.
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7.4.1 Augmented Plant Modal Properties

Plant augmentation has altered the modal pto#erties from those -
of the original plant. The new modal frequencies and mode shapes are
shown in Fig. 66. The three evolved rigid body modes no longer have
zero frequencies, and the evolved modes 1 and 2 become pure. rotation -
about the X and Y axes, respectively. Note that the frequencies .'of the
modes in the first bending group are also pushed higher while those
of the modes in the. second bending group remain unchanged due to the
fact that the inner-loop controller is a low-bandwidth system.

with the ﬁodal dampings assumed to be Lok ™ 0.5%Z for all modes, -
the Aps Bp and Cp matrices in Eqs. (5.16), (5.17) and (5.18) can be-
réadily»determinéd.
7.4.2 The Selection of the Reference Model

Again, to evaluate the performance of the adaptive controller on
the four-panel space stat@on, the reference model 1s selected to be a
lowe; order system. with high 4damp;ng;raqd, significantly different
parameters from those‘ of the plant. It consists of 9 modes
(corresponding to the rigid body modes and the modes in the first
bending group of the.plant) or 18 states im,,ll inputs-um and ‘11.

outputs y, which are defined as follows

x = | === | ' _ (7.31).
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The corresponding system matrices A, B, and C, are,
- l -y
Bx Tx9
——————— -' — S R — W=D S S — —— ———
2 | 2
A = ~Ym) Y |
m AN i ~
\\\ 2 ] M
- [ Z
| “m9 2809%n9
T 0
Bm = —— — —
T
L ¢m B

Cm = [aC¢m C¢m]

(7.34)

(7.35)

(7.36)

where B and C are shown in Egs. (5.19) and (5.20), respectively. To

show the breadth of the controller perfprmancé, the modal frequencies

are selected to have a 40% error and mode shapes a 30% error. The

high modal damping ratios -V0.7O7 for all modes and. position to

rate measurement weighting factor a = 0.2 are employed.

7.4.3 Adaptive Regulator Control with High Initial Transient

The purpose here 18 to evaluate the convergence property of the

adaptive controller for the attitude hold and vibration suppression

under very large initial transient conditions.
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The initial conditions for the plant are:

Zp) = - 1.649 ft Zp) = 0.283 ft/sec
epl = 0.845 dég épl = -~ 0.179 deg/sec
Zp3 = 1.617 ft . Zp3 = - 0.284 ft/sec
853 = 0.830 deg 8,3 = = 0.180 deg/sec
Zpy = - 0.004 ft Zyy = 0.002 ft/sec
bpy = = 0.004 deg ép2 = 0.017 deg/sec
Zpg = = 0.001 ft 2,4 =  0.0002 £t/sec
: : (7.37)
8p =  0.722 deg 8,4 = - 0.029 deg/sec
bpq = 0.012 deg bpy = = 0.035 deg/sec
Zpg = 0.004 ft Zy6 = - 0.001 ft/sec
dpg = = 0.003 deg | dpp = 0.017 deg/sec
Zys = - 1.618 ft Z,5 = 0.283 ft/sec
8,5 = 0.830 deg ~ 8p5 = = 0.180 deg/sec
Zpy = 1.649 ft 257 = = 0.284 ft/sec
6,7 = = 0.846 deg 8,7 = - 0.179 deg/sec

. These dynamical conditions were taken 10 seconds after the shuttle
docked to the space station with the following initial approaching

rates:

Zghuttle = 0-05 ft/sec

Oshuttle = 0.2 deg/sec ' E (7.38)

$ghuttle = 0+2 deg/sec
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The corresponding 1initial values in the modal coordinates are

obtained through the following transformation,

= o1
" =% Zp
: (7.39)
) _ _1 L
"= Zp
The initial conditions for the reference model are,
nmi = 0,8 npi

nmi = 008 npi

er 1= 1, 200y 9.

The gain weighting matrices T = Te= diag (2.5 x 108, 2.5 % 108,
2.5 x 106, 2.5 x 106, 2.5 x 106, 2.5 x 109, 2.5 x 108, 2.5 x 10°,
2.5 x 106, 2.5 x 108, 2.5 x 108, 100, 100, 100, 100, 100, 100, 100, |
'ind, 100, 106, 100, 166,7100, 100, 100, iOO, 100, 160, 400, 405, 400,7
400, 400, 400, 400, 400, 400, 400, 400) are used.

The adaptive system siﬁulation for the four-panei configuration
is implemented in a fashion similar to that for fhe two-panel
configuration except that the_ dimension and complexit} ~are much
greater ‘and the execution time and cost are high. Because of this,
relatively fewer cases have ﬁeen studied here. waever; the . results
are very encouraging as shown in Figs. 67-73. The simulation period
1s 75 seconds. Figure 67 indicates that the plant outputs closely

track the model outputs; and with the exception of Ypé» yp7_and Yp9>
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all outputs converge within 75 seconds. Figures 68 and 69 also show
excelleﬁt physical state responses. The three bending angles ¢2, ¢4
¢ and their rates 52, 64, &6 converge slower than other states and
rates. The modal respohses are shown in Figs. 70-72. All except
mode 5 show relatively high damping rates. Moag 2, the rigid Y-
rotational mode, strongly dominates the system dynamics and has a
very high taté of damping. This mode is excited due to the fact that
the simulation assumes a huge shuttle angular momentum about the
pitch axis. The demand for control efforts shown in Fig. 73 1is
substantially lower than thaf required for the .two-panel
configuration. The peak §f control torque is 400 ft-1b at the
central bus and 350 ft-lb'at the panel tips as compared Qith 3,000
ft-1b and 1,000 ft—lb, respectively, for the two-panel configuration.
This 1is because the four-panel configuration is much more stiff and
massive.
7.4.4 Adaptive Control During Shuttle Hard Docking

Unlike the hgrd docking case for the two-panel configuration, it
is assumed here that the residual angular momenta of the shuttle are,
about its roll and pitch axes. The docking disturbance term Bju, is

then defined as
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Bd = 0 1 O l.ld = Td (7.41)

where P& is the docking force, T4 is the dockihgrtorque ébouf the
pitch axis (Y-axis), and P4 is the'doéking torque about the roll axis
(X~-axis). Again the shuttle {s assumed to dock wiéh the space station
at the central bus (the core). F4q, Tq and Py are determined by the

following equations:

Fq = Dp (Zghyrtle ~ zpﬁ) + Kp (Zghyetle zpk) (7.42)
Tq = D1 (8ghuttie = Op4) + Kt (Bghuetle ~ %4) (7.43)
Py = Dp (dghuttle - ¢p4) + K (4ghuttie ~ ¢p4) (7.44)
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and the equations of motion of the shuttle are characterized by

Zghuttle = ~ Fa/Mg L (7.45)
Oshutele = — Tda/Ip ’ (7.46)
Pshuttle = ~ Pa/Ig : (7.47)

where M_ = 7820 slugs is the mass; Ig = 7.56 x 100 slug-ft2 s the
moment of inertia about the pitch axis; and I¢ = 1.0 x 108 slug-ft2
is the moment of inertia about the roll axis of the -shuttle.

The shuttle residual rates (rates prior to docking) are:

8shuttle (0) = 0.2 deg/sec ‘ (7.49)
;shuttle (0) = 0.2 deg/sec (7.50)

Again all of the initial con&itions for the plant and the model
are set to zero, and since thefé are no reference model disturbances,
the reference model stays at its quiescént state throughout the:
simulation period. Thus the plant is commanded to follow the zero
output at the presence of docking disturbances.

The docking parameters used and the corresponding damping ratios

and natural frequencies are listed as follows:
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linear: bF = 3,06 x 103 1b/ft/sec
Kp = 1.36 x 103 1b/ft

“’F = 0,1 Hz

angular: Dy = 1.46 x 107 ft-1b/rad/sec
(pitch) - Ky = 6.48 x 107 ft-1b/rad
Lr = 0.707

wT = 1.0 Hz

angular:. Dp = 7.08 x 106 ft-1b/rad/sec
(roll)  Kp = 3.15 x 10’ ft-1b/rad
 gp = 0.707

wP = 1.0 Hz

 The gain weighting matrices are T -T= diag (2.5 x 106 2.5 x 106
2.5 x 106, 2.5 x 106, 2. 5 x 106 2.5 x 108, 2.5 x 108, 2.5 x 106,
2.5 x 106, 2.5 x 108, 2.5 x 106, 1000, 1000, 1000, 1000, 1000, 1000,
1000, 1000, 1000, 1000, 1000, 1000, 1000, 1000, lOdb, 1000, 1000,
1000, 400, 400, 400, 400, 400, 400, 400, 400, 400, 400, 406).

The simulation results are shown in Figs. 74-82.
Figure 74 shows that all of the plant outputs converge to
equilibrium state within 300 seconds after docking beging.
The same performance 'is observed for the plant staﬁes and their

rates in Figs. 75 and 76. In Figs. 77-79, all but mode 5 are well damped.

However, the amplitude of mode 5 is very small and it is believed
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that it will converge after some longer period of time. Mode 2
strongly dominates the system dynamics due to the huge shuttle
angular momentum applied about the pitch axis, Due to the  higher
structural stiffness, the reduired control efforté (Fig. 80) drop
drastically compared with ;hose in the hard docking case for the two-
panel configuration while the docking force and torqge maintain
unchanged (see Figs. 38 and 82), The linear and angular positions of
the shuttle shown in Fig. 81 are practically the same as those of the

station central bus (Figs. 75(d), (j) and (n)), as expected.
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CHAPTER VIII
CONCLUSIONS

The feature of a large space deployable structure is its complex
flexible'dynamics. Flexible dynamics are characterized by extremely
high sfstem dimensions and parameter uncertainties. Model truncation
plays an important role in spacecraft cﬁntrol due to the limited
computer capability and related hardware available today or in the
near future. Control systems that can adequately deal with truncated
dynamics and model parameter errors are necessary for large space
structural systems. Space stations, among all large space étructural
systems, have stringent operational requirements and present a unique
challenge for control engineers and researchers. For space
stations, in addition to the parameter uncertainties and
truncation errors, the control system has also to deal with
the growth, time-varying dynamics, and high-intensity environmen;al
distufbances. Adaptive control provides a potential solution to
these problems.r A airect model reference adaptive control ~
algorithm for the control of space stations is investigated.
This algorithm along with the proposed inner-loop plant
augmentation fechnique (for the wunstable rigid body dynamics)

form a potentially robust control system for space stations. Two

sufficient conditions have been derived to assure the globally

asymptotic stability. Extensive control simulations and analyses
have been conducted for two space station configurations with

emphasis on generic properties and practical implementation issues.
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The adaptive system developed here has exhibited high
performance and robustness. . However, in common with all other
adaptive control algorithms, this one is also nonlinear, complex, and
high gain. The demand on control effort, especially during stringent
high disturbance operations, 1is so high that it has exceeded the
capability of the realistic hardware. To cope with this problem, a
number of solutions have been proposed and investigated. These
solutions are gain limiting, reference model switching, disturbance
modeling, and disturbance load reduction (e.g., soft space shuttle
docking). With these methods integrated into the controller, fhe
required _hardware capability has been drastically reduced yet
stability and robust performance of tbe system are still observed.
Further research in this area is required and fruitful results are

expected.

Specific conclusions are summarized as follows:

(1) The study results show promising potential -applica-
tion of adaptive control techniques to space |
stations.

(2) The proposed inner-loop plant augmentation method as
part of the adaptive system has improved the system
convergence significantly and-stabilizéd ’the rigid
body modes.

(3) High rates ’of. convergence and robustness have been

observed throughout the simulated cases.
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Specifically,

(1) The system is robust a) in the presence of unmodeled
dynamics -- model truncation, b) with poorly known
plant dynamics, and c¢) in the event of 1n§tant change
of system mass property by more than 100%.

(i1) It shows a good convergence property even under severe
dynamic conditions including a) high 1initial elastic
deformation and initial attitude errors, b) strong
shuttle docking disturbances and dynamic interactions.

(4) Shuttle hard docking 1s an example of the harsh space
étation operational environment. The high gain requirement
associated with 'the adaptive controller will far exceed
hardware limitations. Two methods of reducing the control
demand have been investigated. Gain 1limitation can be
applied to set a practical limit to the control effort and.
maintain stability of the system at the expense of higher
transient and longer settling time. Model switching
together with disturbance modeling provides a means for
output error reduction and hence, the reduced control
demana. However, since our knowledge about the plant is
incompléte, tuning through simulation 1s required to
achieve good results.

(5) 1t is believed that a combination of load reduction (e.g.,

| shuttle soft docking), gain limiting, model switching, and
disturbance modeling will result in satisfactory system

performance with realistic hardware implementation.
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APPENDIX A

DEVELOPMENT OF HINGED PAYLOAD DYNAMICS USING
LAGRANGIAN APPROACH FOR FOUR-PANEL CONFIGURATION

3

* k (POINTING OUT OF PAPER)

el
—

(a.1)

8b =C
then
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Similarly,

Ve =Ygt ¥
o2 2 2 2 %2 . . . ot
=2, * Ly 0, * Ly, gyt 22, 1,0, (8" &

° t o ]
+ 22, Ly vgy (e £0) * 2 1g, Ly, 04 Yoy (85 ° &0

+12 62412 y2 -2z, L e

2 - 0
4% Lga®s * Lgp ey 4 Lga %4 ©°°

4

]
=22, Ly vgycosvgy *2Lg, Ly, O, vgy €08 Ygy

Similarly,
2 .
Ve " ¥t Y
02,42 2,2 2 g
24 * Loa B4 * Lo Yoy * 22, Lo, 0y c08 0,
21

]
Z, Loy Ygy €08 Yoy *+ 2 Ly, Lo, €, Ygy €05 Yoy
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Hence,

Nfe-

rof =

- ] [ ]
2 24 1.88 64~cos 0, 2 24 L8b (yBY + 94) cos (°4 +y )

8Y

[ 3 .' * ' l '2 2 .2
2 Lg, Lgp 8, (rgy + 8,) cos *sy] *3m [24 *Llga 8y

2 *
L9b (s

* 2
L
4+79Y) +224L9a04c0394

[ 30 . " ]
22, Ly, (ygy +0,)cos (6, +vy.,

* O. [ ] . -l- .2
2 Ly, Lgp 84 (vgy + 0,) cos '91] * 2 Ly %4

l . .' 2 l . .' 2 .]_. 02
2 Tays (04 * Ygy) " + 3 Igyg (B, ¢+ vg )" + S 1,00 ¢,

1

1 . .. 2 1
2 Taxs %4 * Yax)

L ) - ® 2
Ry '
* 2 Toxs (04 *vgy)
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. L=T~Vs=T

[} ]
There are 7 independent variables: za, 04, Ygyr Yoyr 440
. ] .
Ygx* Ygx» one equation for each of them. The generalized forces are:

agA
QZ“ -&‘ . —azl‘A.zé ] £A= Fa

similarly

Q. = Tgx

. 0*51: = Tox
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Equation for 24:

i.e.,

- _ .' .
[maz4 + msza °8L8a°4 cos &, mgloy (YBY + 04) cos (e“

ala
"

L ] L] .' . '
+ mgZ, ¢ mglg 0, co8 8, + mglg, (ygy +6,) cos (9, ¢ ’9~1)]

Expand it, we have,

e .. oo L 4 2 .
maza + msza - mBLsafh cos 66 + mBLBaek sxn.ea

- e .o . o. . 2 . ‘ ,
mBLBb éréY + 04) cos (64 + YBY) + mBst (78Y + ea) 8in (18Y+ 66)

ia + oL J cos 64 - m9L9802 8in 64

+ oy 992 4

... L 1) '
+ mglg, (rgy +6,) cos (yg, +8,)
- 2 . .
+ 04) sin (yéy + 04) F, | (A.2)

- . 4
Poley gy
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Equation for @

6:
a far \_ar _.
ae\ . 38 “®
26 4
4

i.e.,

-d_ 2 - 2 . ‘ Q. _ .
dt [ mglea®s * Pglep (°4 * Yay) ~ PgZilga €08 Oy

- R ] * [] []
mgZ,Lgy, €08 (8, + Ygy) + mglyg Loyvay €08 Ygy

. , 2 . 2 - . .
2 mglg Lgf, €08 Ygy * Bglg 8, + mglgy, (6, + vgy)

+

+

- L] '
mgz“L9a cos &, + mgz“L9b cos (94 + 79Y)

[ ] [ ] . [ ]
mgLg Loy gy €08 Yoy * 2 mglg Lgi®, 08 vou* Iinvly

+

.. .'
* Igys (04 *vgy) + Igyg (0, ”92’]

) »® ‘. [ ] Q' [ ] . '
[ mBZQLBaPa,SIn 0, * "azaLab (YBY + 04) sin (04*‘78Y)

_ L L] . _ 4 L . [ ] . ' -
wgZ,Lg 8, sin 6, 'mgzl.l.gb (vgy*9,) sin (s, + 1“):, T,o
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Expand it, we have,

m 1o 4 m Lz 8, +

2 -m,2,L cos b

]
gh8a’4 * "glan’4 * Mgleb Yy T Mg%slsa 4

mSZ

[} .'I - [}
‘.st cos (el. + YBY) + mBLBaLBbY gy €°5 Ygy

_ .,2 . . ’ .
mglgalgpY gy 510 Ygy * 2 Mglg Lgpf, cos Yy

- 2 m,L

+

+

+

Mg

” ] B | - * []
mglg lgpY gy €°8 Ygy ~ Mglg,lopY oy

Z2,L. cos®, +m.2Z,L cos(el‘*Y')

. 2 2

1 o & (]
glsatap? 4 gy 510 Ygy * Mglg b, *+ mglgyf,

493 4 7 Mgf4utgp 9y

. ]
s1n Yy 9Y

2m, L, L .6 -2m,L, L ®

1

o t [} : [}
9-9a-9b° 4 “°% Yoy 9°9a-9b 4" 9y " Yoy

o

' . .
av¥s * Teys®s * Tavs' sy * Tovs®s * Tovs'oy

Equation for v 'SY:

* Igys

(o

(o

d 3L oL
acl o - Tay
! 8Y
8Y/

8Y

L ae +mL.. 68, +ml

2"

f'

979b 9Y

T

L ] ’ _ l. . ' L ]
P ) mBZ“LBb cos (94478Y)+mL L..©

.. - £ ] .' o .
4t YBY] [mBZIoLBb (’BY + 94) sin (64 + Y

_ . . , . . . .
mglglap?s (rgy * 8,0 sin *av} Tay
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Expand it, we have,

2 .-'

, - .
melgp®s * Mglapy gy ~ MgZylgy €05 (8

[] []
4% Ygy) * Mglg, st"a €os Ygy

‘e .I'
" Tavs®a * TavsTay * malaaler’s

Equation for Y;Y:

d [ 8L 3L _ o
dt . 3, 9y
ay ! 9Y
Y9y

i.e.,

g_ 2 . ' ]
at [ (6 + Y ) + m9ZAL9b cos (94‘+ ng)

. L] Q'
* gl Lgp®y €08 Yoy * Igyg (8, ¢ Y-9Y)]
- : . '
[ mZ,Loy (Y9Y + 64) sin (94 + YQY)

9"9 L9b°4 (rgy *+8,) ““’9*1]. Toy

Expahd it, we have’

2" ....
molopls * ‘“91‘%‘ ov * Po%4lob

+ 1 + m. L. L 62 sin yéY-= T9Y

. .
ovs®4 * Tgys¥oy * Molgalop®s

233 -

+m, L, L ez sin Yéy = TBY (A.4)

+m Z L., cos (9 + Y9Y) + m9L9 Lgbe“ cos yéY

(A.5)



After linearization, Eqs. (A.2), (A.3), (A.4), and (A.S) become:

Equation for Z,:

(m4 + mg * m9) Z4 + (mgL

R . . .
g ~ mglg) ©, = MglgpYgy * Mglgy¥oy = F,

Equation for 94:

_ .o X 2 2 ) .
- (mglg = mglg) 2, + (m8L8 * mglg * vy * Tays * Toys) 84

2 '.'
* (“’aLeb + mglgalgy * Isys)*ssr

2 ..' ‘
* (‘“91‘91: * molgaloy * I9YS)Y9Y Tie

Equation for yéY:

_ ee 2 se N ) 2 ) .l. -
mglgnZs * (“’ glap * Mglgalsp * Isys) 04 * (mSLSb * lgys) Yay * Tgy

Equation for 7§Y:

, ) . 2 .
BolonZs * (mgtay * mologtoy * Toys) o4 * (“‘_9"95 * lovs )’9? Tov
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The equations for ¢4, yéx. Y§x are:

Equation for 9,

a far \_ar .
de | . %, W
1)
4
i.e.,
1 ; + 1 (; + ;' )+ 1 (; + ;' ) =
dt 4XX" 4 8XS 4 8X 9XS \ "4 9X
i.e.,

. - .
(Toxx * Toxs * Toxs) %4 * Texs"sx * Tovs"ox = Tuq

Equation for yéx:

d [ _aL L .
[]
dt . aYBX 8X
8X/
i.€4,
- B (;#;')-r
dt 8Xs 4 8X 8X
i.e.,

T

.
Toxs®s * Taxs'ax ™ Tex
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Equation for y 6}{:

4 [ aL aL
ne, ¥
dat - W g
Y ox
d— [ ] ..) -
at | Loxs (‘4 *-Yox

.
Toxsts * Toxg¥ox = T

9x
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APPENDIX B
DEFINITION OF POSITIVE REALNESS AND STRICTLY POSITIVE

REALNESS OF MATRICES [55]

Definition B.1l
Aﬁ m x m matrix H(s) of real rational functions is positive.,
real 1if
(1) All elements of H(s) are analytic in the open right half
plane Re[s] > 0 (i.e., they do not have poles with positive
real parts). . |
(2) The eveﬁtual poles of any element of H(s) on the axis Re[s]
= (0 are distinct, and the associated residual matrix of
H(s) 1s positive semidefinite Hermitian.
(3) The matrix H(jw)+HT(-jm) is a positive semidefinite
Hermitian for all real values of w which are. not a pole of
any element ole(s).
Definition B.2
An m x m matrix H(s) of feal rational functions 1s'str1ct1y
positive real if
(1) All elements of H(s) are analytic in the closed right half
| plane Re[s] 2 0 (i.e., they do not have poles with non-
negative real parts).
(2) The matrix n(jm)+HT(-3m) is a positive definiteAHermitian

for all real w.
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APPENDIX C
DERIVATION OF FORMULAS FOR CALCULATING THE

SPRING CONSTANTS AND DAMPING FACTORS .OF DOCKING DEVICE

Consider the angular springs and dampers first., Referring to

the following figure, the moment of inertia I, of the core body of

the space station is used to represent the space station "and I

represents the shuttle

the equations of motion can be written as

1292 + DA(éz—és) + KA(ez-es) = Tz {C.1)

,Izes.f DA(es-ez),+ KA(BB-BZ) = TS' ) (C.Z)

Assume that docking occurs at time t = 0, and 85(0) = 685(0) = O (this
will not affect the values of K, and D,).

Take Lapiace Transforms,
Eqs. (C.1) and (C.2) become

(1582 + Dys + Ky)05(8) — (Dy84KR,)0,(8) = To(s) (c.3)

(1482 + Dys + Kp)0,(s) - (Dps+K,)0(s8) = To(s) (C.4)
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From Eq. (C.4)

(DAs + KA)BZ(S) Ts(s)

es(s) = + 5 . (C.5)

2
Iss + DAS + K,A Iss + DAS + KA

Substituting Eq. (C.5) into Eq. (C.3), we have,

2
(D, s+K,) (D, s+K,)
: (1232+DA8+KA)62(5) - '2‘ A 6,(s) = T,(8) + ‘2‘ A1 (s (C.6)
(Iss +DA9+KA) (Iss +DAs+KA)
i.e.,
(1.824D s+K.) (I_s>4D s+K.)6.(8) - (D.s+K.)26. (s)
2 A A ] A A772 A A 2
2
= (Iss +DAs+KA) TZ(S) + (DAs+KA) 'rs(s) (c.7)

For the purpose of obtaining the charactéristics of the system, the

right~hand side of Eq. (C.7) is set to zero. Then we have
[1,1g8% + (I,+1,)Dys + (Ip+1,)K,182 = 0 ~ (C.8)
for 8 # 0 ('." 82 = 0 implies two rigid modes at the origin)

1,1 82 + (I+I)Dys + (Ip+I5)K, = O (c.9)
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or

I1.+1 I.+1
2 2 (2 ) _
s+(II)DAs+ 13 KA-O
2°s 2's
2z 2
SAYA w,
Hence,
I.+1
2 s
“a (11 )KA
27s
T =——1 (12+IS)D =-D—A- (12+Is).1_.
A ZNA IZIs A 2 IZIS KA
and
. =m2( Izls)
A A I.+1
2. '8
. I, 1
2°s
Dy = ZCAwA(I +1 )
2 s

For the linear springs and dampers, Ki and D;, are obtained as follows

by using the same approach

M. M
2 2''s )
- (C.15)
KL =@ (M2+Ms
M. M -
D-ZCm(zs) (C.16)
L L'L H2+Ms

where M; is the mass of the core body of the space station and Mg is

the mass of the shuttle.
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ORIGINAL PAGE IS
OF POOR QUALITY,

APPENDIX D

PROGRAM LISTING FOR THE SIMULATION OF ADAPTIVE CONTROL DURING
SHUTTLE HARD DOCKING TO FOUR-PANEL SPACE STATION

1 PROGRAM APPLICATION OF ADAPTIVE CONTROL ON SPACE STATION (15 DOF)
2: .

3.7 CREATED OCT i984 --RY C.H.C.IH ‘

4:

S:

b: '=E=====sssoszszRasz=sa=z==23 IN]JTIAL =ss=ssssssssczssasssss=ssassssEsss’
7:INITIAL

8:

9:
10: b2 333222838232 032000020020 20222332 2223830023 32083222232 ¢ 04
11:7 X " TYPE AND DIMENSION OF VARIABLES x’
127 2000000 000K 000K KK 2000 KKK 0K KKK K KK KR KKK KRN/
13:

14: INTEGER N,N2,M,L,L2,Q,1I,J,K,NSTP1,NSTP2

iS: ARRAY ZP(iS) ZPD(lS) ZH(iS) ZHD(&S) ZPO(iS) ZPDO(1S),ZPDD(15)
16: ARRAY AP (30, 30) BP(30 i1y, CP(it 30)
17: ARRAY AM(18,18) ,BM(18,11) CH(ii i8)

18: ARRAY XP(30) XPD(SO) XPO(30) XH(iB) XMD(18),XM0(18)

i9: ARRAY
20 : ARRAY
21 : ARRAY

22: ARRAY
23: ARRAY
24: ARRAY
2S: ARRAY
26: ARRAY
27 ARRAY
28: ARRAY
29: ARRAY
30: ARRAY
31 ARRAY
32: ARRAY
33:

34 : CONSTANT
3S:

36: CONSTANT
37 : CONSTANT
38:

39:

40 : CONSTANT
44 :

42 : CONSTANT
43 : CONSTANT
44 . CONSTANT
A4S :CINTERVAL
46 :

47’

48:

49:

$0:

S1 :CONSTANT
52 : CONSTANT
S3 :CONSTANT
S4:CONSTANT
SS:CONSTANT
S6:CONSTANT
S$7: CONSTANT
S8 :CONSTANT
S9: CONSTANT

B(15,11),C(14,15),BPF(15,14),CPF(11,15) ,BNF(?,11),CHF (1L, ?)
YP(i1), YM(14) UPC14),UM(14)

ETA(15) ,ETA0(1S),ETAD(15) ,ETADO(15) ,ETADD(1S)
ETAS(9),ETASD(?) ,ETAS0(9),ETASDO (9)

EVAL (15) ,EVEC (15,15),EVECT(15,15) ,EVECI(15,45)

EVECS(15,9) ,EVECST(9,15) ,EVECSB(15,9)
TAC40,40),TB(40,40),TAS(40),TBS(40) ,R(40) ,RT(4,40)
DAMPFC(15),DAMP (15,15),ZETA(?) ,DAM(9,9),W2(15,15) ,W2M(9,9)
KI(11,40),KP(14,40),KID(41,40),KI0(11,40),MASS(15,15)
DUMY4(41,40),DUMYS(1,40) ,DUMYE(L4) ,MT(15,15),MTT(45,45)
DUMY7(11) ,DUMYS(30) ,DUMY9 (30) ,DUMY10({8) ,DUMY14¢18)
EYSC11),EY(41,4),STIFF(45,15),K{(15,1%)

FDDOCK(3) ,B1(15,3) ,BDF(15,3),BD(30,3)

DUMY12(30) ,DUMY13(30) ,SCR1 (15),SCR2( 15) ,FREQ(1S)

N=1S ¢ 'NUMBER OF PHYSICAL COORDINATES’
‘(ALSO NUMBER OF MODAL COORDINATES)

N2=30 . $ ‘NUMRER OF PLANT STATES‘

M=11 $/NUMBER OF PLANT INPUTS AND MODEL INPUTS”
’(ALSO NUMBER OF PLANT OUTPUTS AND HODEL’
‘ OUTPUTS)

L=9 $/NUMBER OF THE MODES RETAINED(TO FORM ‘
‘THE MODEL) , ’

L2=18 $NUMEBRER OF MODEL STATES’

UM=11%0. $/MODEL INPUT’

TFINAL=100.0 $‘TIME TO STOP”

CINT=0.2 $'COMMUNICATION INTERVAL’

EREEHR KRR KL RK XK KKK AR KKK AKK LK KK KKK KKK KKK K KKK KKK K *
X DEFINE THE PHYSICAL. PARAMETERS OF THE SPACE STATION x’
Ee33 233t ittt s diitieditettitstttstitsssdestitdsd o

G=32.174 $’GRAVITATIONAL ACCELERATION’
ZETA=9%0.707 $’/DAMPING RATIOS OF THE REFERENCE MODEL‘
EIS=9475776.

LS=115.

LE=140.

RHOS= . S414

RHOE=1. 048

M4=41565 .35

MB8=994 .72
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60 CONSTANT M9=994.72

61 -CONSTANT I4XX=3.B69E+6
62 .CONSTANT layvYss 343E+6
63 : CONSTANT 1I8XS=2.437E+4
64 :CONSTANT 1I9XG5=2 .437E+4
&S :CONSTANT  I8YS=S.4637E+4
656 :CONSTANT 19YS=5.637E+4
67 : CONSTANT LBAs7.

68: CONSTANT L8EH=11.

69 :CONSTANT LQPA=7.
70:CONSTANT L9B=41.

71 : CONSTANT FAC=10.
72:CONIGTANT PI=3.{4159265

73: LB=LBA+LBB
74 L9=LSA+L 9B
7S: EIE=FACXEIS

76 :CONSTANT TAS=5%2.5E+6,282 . 5E+8,4%2 SE+6,18%4000.,14%400,
77 : CONSTANT THS=SK2.5E+6,2%2 . SE+8,4%2 . SE+6,18%1000 . ,11%x400.
20 .CONSTANT DANMPFC=15%0.00S8'MODAL DAMPING RATIOS OF THE PLANT’
79 :CONSTANT ALPHA=0.2
B0 :CONSTANT NSTP1=200
81 : CONSTANT NSTP2a=50
2:CONSTANT TSW=S5.0

83: DTRCC=P1/480.0
B84 Q=M+L2+4

8s: - DO 40 1I=§{,N
86 : DO 30 J={,N
87: Ki(I1,7)=0.
B88: 30 ..CONTINUE

89 : 40 . .CONTINUE

90: Ki1(7,7)=28184.
91 K4(8,8)=339324,
92: K1(9,9)=2443808.
93 DO &0 II=s1 M
94: DO S0 J=1,Q

. 9S: . K10(11,3)=0.
96 : S0..CONTINUE ’
97: 60. .CONTINUE

98:

99 DO 62 II=4,N
100: DO 61 J=1,3
104 : R{(II,J)=0,
102: 61 . . CONTINUE

103: 62. .CONTINUE

104: B1(7,1)=4.
10S: Ri(8,2)=1.
106: Bi(9,3)=1.
107: DO 65 II=1i,N
108: DO &3 J=4i M
109 :. B(I1,3)=0.
140: 63. .CONTINUE
1114, 65. . CONT INUE

142: B(2,1)=%,

113: B(4,2)=1.
114: B(S,3)=1.

115S: B(6,4)=1.

116 B(7,5)=4.

147 B(8,6)s8 .
118: B(9,7)=1
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119:
120
13¢:
122:
123:
124:
13S:

126: 66.
127: 68.

128:

129

130:

13¢:

132

133:

134:

13S:

136

137:

133:

139

140/

1441:"’

142"

143
144:CONSTANT
14S: CONSTANT
146 : CONSTANT
47 : CONSTANT
148 : CONSTANT
149 : CONSTANT
150.CONSTANT
154 : CONSTANT
1S2: CONSTANT
183:

184:

155:

156:

187. 7

158:/

159:

160:

B(10,8)=4.
R(1,9)=1.
B(13,10)a4 .
B(45,11)a4.
DO 68 II=i,M
DO 66 J=1,N
Ce(II,N=0.

. CONTINUE
. CONTINUE
S C,2)=t.

c(2,4)=14.
C(3,5)=14.
Ct4,6)=1.
€(5,7)1,
Ce6,8)=4 .
C(7,9)=1.
C(8,10)=1.
C(9,11)=1,
C(10,13)=4.
C(11,15) =4,

A KK K K K K3 000 0 0 02K 0% 0 Ko a3 NI K o XK #
| S DEFINE THE DOCKING DISTURRANCE PARAMETERS L
b3 33923333332t 33 333033022t ds e teti ettt s id

ZDAM=3.06E+3 $/SOFT DOCKING LINEAR DAMPING COZFF~
ZSTI=1 .3597E+3 $'SOFT DOCKING LINEAR SPRING CON3IT”
RDAMT=1 .4S93E+7%/SOFT DOCKING ANGULAR DAMPING COEFF°’
RDAMP=7 . 078E+6

RSTIT=6.484SE+7%/SOFT DOCKING ANGULAR SPRING CONST’
RSTIP=3.14SE+7

MSIHUT=251600. $°'MASS OF THE SHUTTLE’
ISHUTT=7.54E+6 %/MOMENT OF INERTTA OF THE SHUTTLZ'

CISHUTP={. 0E+6

P2 2232233223833t e it ed it tiattsedilidetedstestss o
X CALCULATES M AND K MATRICES,THE EIGENVALUMS AND L 34

x EIGENVECTORS OF THE OFEN LOOP SYSTEM,FORM THE %’
DAMPING MATRIX IN MODAL COORDINATES,ASSEMBLE AP X’
X BP ‘AND CP MATRICES OF THE PLANT - L &4

1232 ¢ 3PP 3T d338 238033003333 033 3883830 eitesess ans s g

161 :PROCEDURAL (MASS ,STIFF,EVAL ,EVEC,DAMP ,FREQ,AP ,BP ,CP ,BD=.

162:

163:
164:
16%5:
166
167:
168:
169
170.
174,
172:

173: 69.

174;
17S:
176:

E15,CIE,RHOS,RIIOE,LS LE,M4,H8, M9, 14XX, 14YY ,18XS, I9XS, .
18YS,19YS,LBA,L9A,LER,L9B,L8,L.9, DAMPFL, B1)

CALL READMK (MASS,STIFF.E1S FIE,RIOS,RHOE,LS,LE,M4,M8, . . .
Mo, TWXX T4YY IBYS I?XS IOYb I?YS LBA,L?A, ...
LBB,L9B,LB,L9)

CALL MADD(STIFF.Ki,STIFF,N,N)

CALL OPLOOP (MASS,STIFF ,EVAL,EVEC)

DO &9 IXI=1,N

SCR4(IY)=ABSCEVAL(II))

SCR2(II)=SQRT(SCR1(II1))

FREQ(II)=SCR2(II)/(2.%PI)

.CONTINVUE

CALL MPRINT(MASS N, N 12,12H HASS MATRIX)
CALL HPRINT(STIFF 17 17H STIFFNESS MATRIX)
CALL HPRINT(EVAL,! 19 19“ EIGENVALUES (Wax2))
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177:
178:
179:
$00:
1814 :
182:
183:
i84:
185
186:
137
1849
189 :
{20 :
191:
192
193
194:
19S.:
196:
197:
190:
199:
200:
2014:
202:
203:
204:
205:
206
207
208:
209:
240:
244:
212.
213:
254:
21S:
216:
247:
218:
249:
220
221
222:
223 :
224:
228:
226
227
228
229:
230:
234
232:
233:

70.

110.

120.

130.

140.

142,
143.

144.
145.

CALL MPRINT(EVEC,N,N,20,20H MODAL MATRIX (EVEC))
CALL MPRINT(FREQ,$,N,23,234 MODAL FREQUENCIES (HZ))
DO 80 II={,N

DO 70 J=i,N

Ww2(11,7)%0.0

. CONTINUE

Wa2(II,IX)=ABSC(EVAL(II))

. .CONTINUE

CALL MPRINT(W2,N,N,43,...
43H GENERALIZED STIFFNESS MATRIX OF PLANT (W2))
CALL MTRANS(EVEC ,EVECT,N,N)
CALL MMULT(EVECT,MASS,MT,N,N,N)
CALL MMULT(MT,EVEC,MTT,N,N,N)
CALL MPRINT(MTT,N,N,4,4H MTT)
DO %0 II=1,N
DO 90 J=1,N
DAMP(IT,J)=0.0

.CONTINUE

PO 95 II=1,N
DAMP(TI,II)=2 0%DAMPFC(II)%SQRT(W2(II,II))

.CONTINUE

CALL MCOPY (EVEC,EVECI,N,N)
CALL INVERS(EVECI,N)

CALL MPRINT(DAMP,N,N,S,SH DAMP)
DO 110 II=4,N

DO 110 J=i,N

AP (I1,T)=0.

.CONTIRUE

DO 120 II=4,N

DO $20 J=i,N
AP(II,N+J)=D.

IFC(11.EQ.J)> AP(II,N+J)=1.

.CONTINUE

DO 130 II=1,N
DO 130 J=1,N
AR(N+II,J)®-1 SW2(1I,J)

.CONTINUE

DO 140 II=4{,N
DO 140 J=1,N
AP(N+II,N+J)=--1 XDAMP(II,J)

.CONTINUE

CALL MMULT(EVECT,Bi,BDF,N,N,3)
CALL MMULT(EVECT,B,BPF,N,N,M)
CALL MMULT(C,EVEC,CPF,M,N,N)
DO 143 1I=4,N :

DO 142 J=1,3

BD(II,3)=0.
BD(N+II,J)=BDF(II,J)

. CONTINUE
.CONTINUE

DO §4S II={,N
DO 144 J=1,M
BP(IX,J)=0.0
BP(N+II1,J)=BPF(I1I,J)

.CONTINUE
.CONTINUE

DO $48 II=4 M

244




234. DO 147 J=1%,N

235: CP(II,J)=AL.PHAXCPF(II,J)

Q236 CP(II,N+J)=CPF(I1,J)

237: 147 . CONTINUE

238: 148. CONTINUE

237:

241 :END +’END OF PROCEDURAL’

241

242/ HOK A 203K 340008 3K KKK 80K 2K 4K 30K K KK KR K AR K K OKOR R XK KRR
243/ X ASSUMELE AM,EM,CM MATRICES OF THE RCFERENCE MODEL x-
244/ ACH KKK K KK K 200K K 22 200 00K K 200K 0 K 3k K 3K 0 K KK K KK K K MK KK X KKK KKK
245

245:PROCEDURAL (AM, 1M, CHM , EVECS ,EVECST ,DAM , WOH=ZETA,EVCC , W2 B, [, ALPLIA)
247: DO iS0 II=§{,L

248, DO 150 J=f,L
249. WaM(II,))=0.
2s0: 150. .CONTINUE
251 DO 152 11=1,6
o%2. WIOMCII,TI)=WR(6+11,6+11)%0. 4
253. 152. . CONTINUE
254. DO 1S3 II=1,3
255. WIM(641T,64I1)=WR(1D+]1,42+I1)%4 4
256 153. .CONTINUE
257. DO 140 II=4,L
258 - DO §S5 J=i,L
259. ' DAM(II1,7)=0.0
260: °  155..CONTINUE
264 DAM(II,1I)=2. 0XZETACII)XSQRT(W2M(II,I1))
202: 160..CONTINUE
263: DO 170 II=4,L
264: DO 170 J=1,L
245 AMCIT,T)=0.
266: 170. .CONT INUE
27 DO 180 Ilsi,L
258: 20 180 J=1,L
269: AMCIT,L+])=0.
270: TF(IT.EQ.J) AM(II,L+T)=1.
271 180. . CONTINUE
272: DO 190 II=4,L
. 273. DO 190 J={,L
274 AM(L+IT,J)=-1 &W2M(II,T)
27s: 190..CONT INUE ’
276: DO 200 II=1,L
277 DO 200 J=1,L
278: . AM(L+IT,L+J)=-4 *DAM(II,J)
279: 200. .CONTINUE
280 DO 205 II=i,N
281 DO 205 J=1,9
282 EVECSR(II,J)=EVEC(II,6+J)
203: 205. .CONTINUE
284: DO 212 J=i,L
285: EVECS(1,J)=EVECSD(4,J)%0.7
286: EVECS(2,J)=EVECSB(2,7)%0.7
287: EVECS(3,J)=EVECSRB(3,J)%1.3
288. EVECS(4,J)=EVECSE(4,7)%1 .3
289: EVECS(5,J)=EVECSB(S,J)%1.0
290: EVECS(6,J)=EVECSB(6,J)%0.7
291: EVECS(7,J)=EVECSB(?,J)%5.0
292: EVECS(B8,J)=EVECSB(B,J)%1 .0
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293: EVECS(9,J)=EVECSB(9,J)%{.0

274 : EVECS(10,J)=EVECSB(10,J)%4.0

29%: EVECS(41,J)=EVECSB(14,7)%4.3

296: EVECS(12,3)=EVECSB(12,7)%90.7

207 . EVETS(13,J)=EVECSB(§3,J)%0.7

298: EVEC:S(14,))=EVECSB(14,J)%1.3

299 EVECS(4S,J)=EVECSB(15,J)%1.3

300 212. . CONTINUE .

301 : CALL MTRANS(EVECS,EVECST,N,L)

302: . CALL MMULT(EVECST,E,BMF,L,N,M)

303: CALL MMULT(C,EVECS,CMF,NM,N,L)

304: DO 215 1I=¢,L

30S: - DO 245 J=4¢,M

306 BM(1I,J)s0.

307: EM(L+II,J)=BMF(1I,J)

308: 21S. .CONTINUE

309: DO 220 II=4{ ,M-

340: DO 220 J=g,L

311: CM(II,J)=ALPHAXCMF(II,J)

352: CM(II,L+))sCMF(II,T)

313 220. . CONTINUE

314:

31S:END $’END OF PROCEDURAL

316:

317’ £ 333083333 3233223223023 2 0t dndita ettt oy
310: SET THE INITJAL CONDITIONS IN PHYZSICAL COORDINATES -
319 P32 23338533023 38333 833320203223 333 333333t ATt el s ety Siug
320:

321 :CONSTANT Z10=0.
322:CONSTANT Ti10=0.
323:CONSTANT Z30=0.
324 :CONSTANT T30-0.
325:CONSTANT Z20=0.
326 :CONSTANT P20=0.
327:CONSTANT Z40=0.
328: CONSTANT T40=0.
329:CONSTANT P40=0.
330:CONSTANT 260=0.
331 :CONSTANT P60s=0.
332 . CONSTANT Z50=0.
333: CONSTANT T50=0.
334:CONSTANT 270=0.
33S5:CONSTANT T70=0.
336 :CONSTANT Z3D0=0.
337 :CONSTANT TiD0=0.
338: CONSTANT 23D0=0.
329:CONSTANT T3ID0=0.
340 : CONSTANT Z2D0=0.
341 : CONSTANT P2D0=0.
342:CONSTANT 24D0=0.
343:CONSTANT TaD0O=0.
344:CONSTANT PADO=0.
345: CONSTANT 26D0=0.
344: CONSTANT P6D0=0,
347:CONSTANT 25D0=0.
348:CONSTANT TSDO=0.
349:CONSTANT 2Z?7D0=0.

246




3S0: CONSTANT T7D0=0.

3%1: ZPO({)=Z40

3s2: ZP0(2)=T10xDTRCC
353. ZP0(3)=Z30

354: ZP0(4)=T30xDTRCC
355. ZP0(S)=220

356 ZP0(6)=P20%DTRCC
357 ZP0(7)=240

3s8: ZP0(8)aT40%DTRCC
359. ZP0(9)=P 40%DTRCC
360 ZP0<10)=260

361 ZPOC44)=P50XDTRCC
362: 2P 0(12)=250

363: ZP 0(13)=TS0RDTRCC
364 ZP0(14)=270

345, ZP0(15)=T702DTRCC
3t6: ZPDO(4)aZ4D0

367 ZPDO(2)=T{DOXDTRCC
368 ZFPDO(3)=23D0

369 ZPDO(4)=T3DOXDTRCC
370 ZPDO(S)=Z2D0

371: ZPDO(5)=P2DOXDTRCC
372: ZPDO(7)=24D0

373. ZPDO(B)=TADOXDTRCC
374: ZPDO(9)=PADOXDTRCC
375. ZPDO(10)=26D0

376 ZPDO($1)=P6DOXDTRCE
377. ZPDO (12)=25D0

378: ZPDO(413)=TSDOXDTRCC
379: ZPD0O({4)=Z7D0

300: ZPDO(1S5)=T7DOXDTRCC

384 : CONSTANT DSHUi=0.2
382:CONSTANT SHUi=D,
383: CONSTANT DSHUR2=0.2
384: CONSTANT SHU2=0.
385: CONSTANT ZDSHUO=0.0S
3686 : CONSTANT ZSHUO=Q .

307 DSHUTO=DSHUL XDTRCC

388: SHUTO0=SHU4 %xDTRCC

389: DSHUP(=DSHU2xDTRCC

390 SHUPO=SHU2%XDTRCC

391 : .

392: 7 R 2t 22 2203233 3332333233332 3333333333283 23 3333328383343 %4
393: X FIND THE INITIAL CONDITIONS IN MODAL COORDINATES x*
394: PR Y2 P 833233802ttt eisiitedist srsitsdciisaidtes s dé
39%:

396:PROCCDURAL(XPO ,XMO=EVECT ,ZP0,ZPD0)

397 CALL MVMULT(EVECI,ZP9,ETAD,N,N)

398: CALL MVMULT(EVECI,ZPDO,ETADO,N,N)

399 D0 2SO0 1I={,N

400. XPO(IIY=ETAOCII)

4014 : XPO(N+II)=ETADOCII)

4902 250. . CONTINUVE

403: DO 258 1lI={,L

404 ETAS0(II)=0 9%XETAB(L+II)

405: ETASDO(II)=0 PXETADG(6+IX)

406 258. .CONTINUE

407 DO 280 II=f,L
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408:
409:
410:
411 .
412:
413.
414:END
A4S
4167
437’
418
419:

XMO(ITI)=ETASO(II)
XMOCL+II)=ETASDOCII)

. .CONTINUE

CALL MPRINT(XPD,1,N2,4,4H XPO)
CALL MPRINT(XMO,4,L2,4,4H XMO)

$END OF PROCEDURAL’

BEAKKEKREKKEERRKEK K BREKEE R KL TR MR KKK LRI KR T ERREERR

X DEFINE THE SCALING MATRICES TA AND TB

X’

L3RS 2232332232322 e et titistitessoistivici d s ad

420:PROCCEDURAL.(TA,TE=TAS, TBS)

421 :

. 422:

423 .
424 :
425
426 :
427
428
4.9
430
431
432:
433:
434:
43S:
434 : END
437
438 .
439 :END
A440:
44) : ‘saax
442:

443

444

445

446
447 : ‘eunc
448.:

449 :DYNAM
450:

451 :

452:

290.

" 300.

340.

DO 290 II=4,Q

D0 290 J=4,Q
TA(I1,7)%0.0

. CONTINUE

DO 300 II=1,Q
TA(ITI,II)sTAS(ID)
.CONTINUE

DO 310 II=1,Q

DO 310 J=1,Q
TB(I1,3)=0.0

. CONT INUE

DO 320 Il=1,Q
TE(II,I1)=TBS(II)
.CONTINUE -

$’END OF PROCEDURAL’

ssmsss’

F3 1T o =max=x END OF INITIAL anzocaz=

= F3- T 'DYNAHIC SazESTES =

IC

TERMT(T .GT. TFINAL)
TERMT(XP (1) .CT .1 .0E+10)
TERMT(XP(2).GT.4.0E+40)

453 . PROCEDURAL (NSTP=T, T5W ,NSTP 1,NSTP2)

454
45%:
456
457,
458 :
459 :END
460:

464 :’'sunsxssrsnssscassnssscasss DERIVATIVE =

462:

32S

IF(T.GT.TSW) GO TD 325
NSTP=NSTP 4
G0 10 327

.. NSTPaNSTP2

327..CONTINUE

$°END OF PROCEDURAL’

4£3: DERIVATIVE

464 :

248




405’ lti{l*‘ttl*lll#i‘ttl!*l!l!tltll*ttlllf!ll‘lilllt!*lt‘li!l’

465 % CALCULATE THE SOFT DOCKING DISTURBANCE FORCE & TOROULC %’

4577 B 224 22ttt Rt i3s3 3833332333 ¢3333¢ 33343333333 33¢7%
448 :

469 :PROCCDURAL (FDOCK, TRDCK T, TRDCKP ,FDDOCK ,DDSHUT , DDSHUP ,ZDDSHU=. . .
470 : RDAMT ,RDAMP ,ZDAM,DSHUT , DSHUP ,ZDSHU, ZPD,RSTIT, ...

474 . RSTIP,ZS5TI,SHUT,SHUP,ZSHU,2P, ISHUTT, ISHUTP ,MSHUT,G)

472 TQDCKT=RDAMTX (DSHUT-ZPD(8))+RSTITR(SHUT-ZP(8))

473 TRDCKP=RDAMPX (DSHUP-ZPD(9) )+RSTIPX(SIHUP-ZP(9))

474 FDOCK=ZDAMX (ZDSHU-ZPD(7))+ZSTIX(ZSHU-ZP (7))

475. DDSHUT=-( TADCKT/ISHUTT)

474 : DDSHUP=-( TQDCKP/ISHUTP)

477 ZDD5HU=-(FDOCK/ (MSHUT/G))

478 FDDOCK (§) =F DOCK

479. FDDOCK(2)sTQDCKT

430 FDDOCK (3)=T@DCKP

4814 :

:ez:eun $'END DF PROCEDURAL’

83: .

484/ 200 6 30200 2K 200 3 00 2003 20 380 20 302020036 200 20200 2 00020 00 KKK KK KKK KK KK K KKK KKK Y

48s . / XDEFINE THE INTEGRAL GAIN K1 AND PROPORTIONAL GAIN KPx’
4867 12 3333333333303 8333333333333 384333333333 3833338¢¢33¢33 ¢ 8
"488:PROCEDURAL(KI,KP=YM,YP,XM,UM,TA,TH,KI0)

489 DO 330 II={,M

490: EYS(IX)=sYM(II)=-YP(II1)

494 : 330. . CONTINUE

492 DO 340 Il=1,M

493 R(II)=EYS(IID)

494 340. .CONTINUE

495 PO 350 II=4,L2

496 . R(M+II)=XM(II)

497 3S0.. CONTINUE

498 " DO 340 lI=1,M

499 R(M+L2+TI1)=UMCIT)

S00: 3460..CONTINUE

504 DO 365 II=1,M -

s02: EY(II,1)=EYS(1IT)

503: 365. . CONTINUE

S04: _ CALL VTRANS(R,RT,®)

505: CALL MMULT(RT,TA,DUMY4,4,Q,Q)

S06: CALL MMULT(RT,TB,DUMYS,1,Q,Q)

507: CALL. MMULT(EY,DUMY4,KID,M,i,Q)

508: CALL MMULT(EY,DUMYS,KP,M,1,Q)

S09: KI=INTVC(KID,K10)

S10: .

S44:END $‘END OF PROCEDURAL’

S12:

$13.: b2 9338383333323 3332 ttes s tiitetiddiiesivstesdes
Si4:’ % FIND THE CONTROL UP FOR THE PLANT ' Y
. §1S.° . EEREARAREREXAEEEREEXKEREE XK A RN ERRR KK EXKEK A LR SAK KK
S16: .

$17 : PROCEDURAL (UP=KI ,KP,R)

$18: CALL MVMULT(KI,R,DUMYS,N,Q)

519: CALL MUMULT(KP,R,DUMYZ,M,Q)

gzo: CALL VADD(DUNY&,DUMY?,UP , M)

21:
S22:.END $‘END OF PROCEDURAL’
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S23:

S24:/ 1222388333823 33 823223033030 23 3323032833323 33333383232034% 8
§2%: X INTEGRATE THE EQUATIONS OF THE PLANT AND THE MODEL x’
526: 7 L33 2333223333332 0 2223320803238 33380383233 ¢¢3833832¢¢
827 .
529: CALL MVNULTCAP,XP,DUMYB,N2,N2)
529 CALL MUMULT(BP ,UP,DUMY9 N2 M)
S30: CALL MVMULT(BD,FDDOCK,DUMY12,N2,3)
534 : CALL VADD(DUMYSB,DUMY9?,DUMY13,N2)
832: CALL VADD(DUMY{3,DUMY12,XPD,N2)
$33: XP=INTVC(XPD,XP0)
$34: CALL. MUMULT(CP ,XP,YP,M ND)
S35: CALL MUMULT(AM,XM,DUMY10,L2,L2)
S36: CALL MVMULT(BM,UM,DUMYLS ,L2,M)
S37: CALL VADD(DUMY4L0,DUNMY4i,XND,L2)
538: XM:=INTVC( XHD ,XM0)
839 CALL MUMULT(CM ,XM,YM,M,L2)
S40: DSHUT=INTEG(DDSHUT ,DSHUTO)
S44 : DSHUP=INTEG (DDSHUP ,DSHUPO)
S42: SHUT=INTEG(DSHUT,SHUTO)
543: SHUP=INTEG (DSHUP , SHUPO)
S44: ZDSHU=INTEG (ZDDSHU ,2DSHUD) -
545 2ZSHU=INTEG(ZDSHU,ZSHUO0)
S46:
S47 ./ EAAEEKKEEIKKKE KK L KORRELKRAKKKRREK KL EERRLREN S KL KA KK KKK’
S48: x OBTAIN RCSULTS IN PHYSICAL COORDINATES x’
ggz I 1338332333283 8333 3383338 33¢332383 3382 ¢¢ 233N+ 4d
551 :PROCEDURAL (2ZP,2PD,ZPDD,ZM,ZMD=XP,XPD, XM ,EVEC) .
SS2: DO 370 II={,N
AR . ETACII)=XP(I1)
5%54: ETAD(II)=XP(N+1I)
§¢S: ETADD(II)=XPD(N+II)
$%6: 370. .CONTINUE
$57: CALL MVMULT(EVEC,ETA,ZP,N,N)>
558 CALL MUMULT(EVEC,ETAD,ZPD,N,N)
859 CALL MUMULT(EVEC ,ETADD,ZPDD,N,N)
S60: DO 380 II={,L ) -
S614: ETAS(II)=XM(II)
862 ETASD(II)=XM(L+II)
$63: 380. .CONTINUE
S64: CALL MUMULT(EVECS,ETAS,ZM,N,L)
ébS: CALL MVMULT(EVECS,ETASD,ZMD,N,L)
66 :
S&7:END $’END OF PROCEDURAL’
$68: . R
S69:
S70 : END
S74:
§72:
S73:’a= END OF DERIVATIVE == = ‘
S74.
$7%./ EXIXAXRATEXABEREELEXEER AKX AXERREE XX AN XA REXA XL LS ELRRER
§726:° x " CHANGE RADIANS TO DLGREES %’
827/ b 3133330383833 2302338234333 83383383 3283333 3383223032333 %¢ R
$78:
879: ZiP=2ZP(4)
$80: TiP=ZP(2)/DTRCC
S81 : Z3P=ZP(3)
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587
€83:
584 :
585%:
S84
S07:
s$88:
$89:
590 :
591 :
S92
593
S94:
59%:
59¢:
897 :
S99:
599:
600:

604 :

602:
603:
604:
60S:
606:

607

608:
609
610:
bi1:
642.
613:
614:
&615:
616
617:
648:
619:
620:
624 :
622:
623:
624:
6235:
626:
627:
628
629 :
630:
631:
632:
633
634:
63S:
636
637
638.
639 :

T3P=2P (4)/DTRCC
Z2P=ZP(S)
P2P=ZP(6)/DTRCC
Z4P=2ZP(7)
TAFP=ZP(8)>/DTRCC
P4P=ZP (9)/DTRCC
Z6P=2ZP(10)
P6P=2ZP(11)/DTRCC
ZSP=ZP({2)

TSP=2ZP (13)/DTRCC
Z7P=2P(14)

T7P=2ZP (15)/DTRCC
ZiDP=ZPD(4)
TiDP=ZPD(2)/DTRCC
Z3DP=ZPD(3)
T30P=ZPD(4)/DTRCC
Z2DP=ZP D(S)
P2DP=ZPD(6)/DTRCC
Z4ADP=ZPD(7)
T4DP=2PD(8)/DTRCC
PADP=2PD(9)/DTRCC
Z6DP=ZPD(10)
P&DP=ZPD(411)/DTRCC
ZSDP=2ZFD(12)
TEDPSZPD(13)/DTRCC
Z7DP=ZPD(14)
T?DP=ZPD (15)/DTRCC
ZiM=ZM (1)
TiN=ZM(2)/DTRCC
ZIM=ZM(3)
T3IM=ZM(4)/DTRCC
Z2M=2ZM(S)
P2M=IM(6)/DTRCC
ZAN=2ZN(?)
T4M=ZNM(8)>/DTRCC
P4M=ZM(9)/DTRCC
Z6M=ZIM(10)
PoM=ZM(14)/DTRCC
ZSM=ZM(12)
TSM=ZM(43)/DTRCC
I7M=ZM (1 4)
T?7M=ZM(1S)/DTRCC
ZiDM=ZMD(1)
TiDM=ZHD(2) /DTRCC
Z3IDM=ZMD(3)
T3DM=ZMD(4)/DTRCC
22DH=2ZMD(S)
P2DM=ZMD(46)/DTRCC
ZA4DM=ZMD(7)
T4DM=2ZMD(B)>/DTRCC
PADM=ZMD(9)/DTRCC
Z6DM=ZMD(10)
P&DM=2ZMD(11)/DTRCC
ZSDM=ZMD (12)
TSDM=ZMD(13)/DTRCC
Z7DM=ZMD(14)
T7DM=ZMD(4S)/DTRCC
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640 :

641 DSHANT=DSHUT /DTRCC
642: SHANT=SHUT/DTRCC
643: DSHANP =DSHUP/DTRCC
644. SHANP =SHUP/DTRCC
645 XP1S=XP (1)
645 XP14=XP (2)
647 XP13=XP(3)
648. XP12=XP (4)
649 : XP11=XP(5)
650 XP 10=XP (6)
6514 : XP9=XP ()
632: XP8=XP (8)
653: XP7=XP (9)
654 XP6=XP (10)
655: XPS=XP (11)
656 XPa=exp (42)
657 XP3=XP (13)
658 XP2=XP (14)
659: XP1=XP (45)
660 © XMP=XM(1)
664 : XMB=XM(2)
662 XM7aXM(3)
663: XMb=XM(4)
664: XMS=XM(S)
665 XMA=XM(6)
666: XM3=XM(7)
667: XM2=XM(8)
648: XMi=XM(9)
669 : YP{=YP (1)
670: YP2aYP (2)
671 YP3=YP (3)
672: YP42YP (4)
673: . YPS=YP (5)
674: YP&=YP (&)
675: YP7=YP (7)
676: . - YPB=YP (8) -
677: YP9=YP(9) .
678: YP10=YP (10)
679: YPi1eYP({1)
680: YMi=mYM (1)
681: YM2=YM(2)
682: YM3aYM(3)
683: T YMA=YM(4)
684: YHSaYM(S)
685: YMb=YM(4)
686: YHZaYM(7)
687: YMB=YM(B)
688: YM9=YM(9)
6689: YHL0=YM(10)
690 YMi{=YM($4)
691 UP1=UP (1)
692, UP2=UP (2)
693: UP3=UP (3)
694: UP 4=UP (4)
695: . UPS=UF (S)
696: UP6&=UP (&)
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697: UP?=UP(7)

698 : UPB=UP(8)
699 UP9=UP (9)
700 : UPLG=UP (410)
704 : UP{s=UP(44)
702:

703 :END

"704:

70S: ‘mass=sazscz=assrnceaccoss=z3 END OF DYNAMIC sossaszosassscosczsassssscs’/

706:

707:

708:

709 ‘msszsSossconssscoascsasonssases TERMINAL ssossszassssacazcrasczsaaz:s
740:

714 :TERMINAL

742:

743’ b3 333238333338 33¢2 3333332223333 8282 022¢83% ¢3¢ 38443 34
714/ E PRINT SYSTEM PARAMETERS 34
74S:’ 1233333343333 3 3330832333333 3324283333333 ¢30333233%3% 3 44
716 i

747: CALL MPRINT(EVECT,N,N,34, ...

718: ’ J4H TRANSPOSE OF MODAL MATRIX (EVECT))

719 CALL MPRINT(EVCCI,N,N,32,...

720: 32H INVER’E OF MODAL HATRIX (EVECI))

721: CALL MPRINT(EVECS,N,L,31i,...

722: 34iH TRUNCATED MODAL MATRIX (EVECS))

723: CALL MPRINT(DAMP,N,N,3S,

724 35H DAHPING HATRIX OF THE PLANT (DAHP))
72S: CALL MPRINT(DAM,L,L,34,

726 34H DAHPING HATRIX»DF THE MODEL (DAM))

727: CALL MPRINT(W2,N,N,43, ...

728 43H GENERALIZED STIFFNESS MATRIX OF PLANT (W2))
729: CALL MPRINT(WOM,L,L,44,...

7230 ) 44H GENERALIZED STIFFNESS MATRIX OF MODIL (kaM))
731: CALL MPRINT(AP,N2,N2,10,10H MATRIX AP)

732: _ CALL MPRINT(BP,N2,M,10,10H MATRIX RP)

733: CALL MPRINT(CP ,M,N2,10,10H MATRIX CP)

734: CALL MPRINT(AM,L2,L2,10,10H MATRIX AM)

735: CALL MPRINT(BM,L2,M,10,10H MATRIX BM)

736 CALL MPRINT(CM,M,L2,10,10H MATRIX CM)

737 CALL MPRINT(TA,Q,@,40,10H MATRIX TA)

738: CALL MPRINT(TB,Q,Q,10,10H MATRIX TB)

739:

740:

741%:

742:

743:

744 :END

745

746:° END OF TERMINAL soc’
747 '
748:

749:

750:END  $’END OF PROGRAM’
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Y SUBROUTINE READMK ( MASS,STIFF,E1S,EIE,RHOS,RHOE,LS,LE, N4,
2. $M8,M9,14XX,14YY,I8XS,I9XS,18YS,19YS,L8A,L9A,L8B,L98,
3: sLe,L9)

4. REAL MASS(15,15),STIFF(15,15),MC(45,15),MD(45,15)

5. REAL I4XX,IA4YY,IBXS,I9XS,I8YS,I9YS,L8A,L8B,L9A,L9B,L8,LY
6: REAL ALPHA,BETA,A,R,EIS,EIE,RHOS,RHOE,LS,LE,H4,M8,M9

7: ALPHA=2 XEIS/(LS%x3)

8: BETA=2 ¥EIE/(LEXX3)

9: A=RHOSKLS/420 .

10: B=RHOEXLE/420 .

11: DO 10 I=1,1S

12: DO 10 J=1,15

13 STIFF(I,7)=0.

14: 40 CONTINUE

15: STIFF(4,1)=6.%ALPHA

16: STIFF(1,2)=3.8LS¥ALPHA

17: STIFF(1,5)=-6.%ALPHA

18: STIFF(1,8)=3. ALSKALPHA

19: STIFF(2,2)=2. X(LSXX2)BALPHA

20: STIFF(2,5)=-3 . XLSXALPHA

24: STIFF(2,8)=(LSX2)XALPHA

22: STIFF(3,3)=6.8ALPHA

23. STIFF(3,4)=-3. NLSEALPHA

24: STIFF(3,5)=-6. ¥ALPHA

2s: STIFF(3,8)=-3. SLSKALPHA

26: STIFF (4,422 K (LSXX2)XALPHA

27 STIFF(4,5)=3 . SLSXALPHA

28: STIFF (4,8)=(LS¥%2) XALPHA

29: STIFF(S,5)=42 %ALPHA+& ¥BETA

30: STIFF(S,6)=3.SLEXBETA

31: STIFF(S,7)=-6 SEETA

32: STIFF(S,9)=3.SLEXBETA

33: STIFF(4,6)=2. . X (LEXX2)XKETA

34: STIFF(6,7)=~-3. XL.LEXKETA

3s: STIFF(6,9)=(LEXX2)SBETA

36: STIFF(?,7)=12. %xBETA

37 STIFF(?,10)=-6 %BETA -

38: STIFF(?7,11)23. XxLEXBETA

39: STIFF(8,8)=0. R (LSX%2)SALPHA

40 STIFF(8,12)s3 ¥1.S¥ALPHA

a1 STIFF(8,13)=(LSXX2)8ALPHA

42: STIFF(8,14)=-3  SLSKALPHA

43: STIFF(8,15)=(LSX32)8ALPHA

44 STIFF(9,9)=4. % (LEXX2)XBETA

45: STIFF(9,10)=-3 XLESBETA

46 - STIFF(9,11)=(LEX22)XBETA

47: STIFF(40,10)=42 .  SALPHA+6 .3BETA

48: STIFF(10,41)=-3 SLESBETA

49: STIFF(10,12)n-6.SALPHA

S0 : STIFF (10, 43)=-3 SLSYALPHA

51: STIFF(10,14)=-4 %ALPHA

s2: STIFF(10,15)=3 . SLSXALPHA

53. STIFF(14,11)=2 %(LCXX2)SBETA

S4: STIFF(12,12)=6  SALPHA

5S: STIFF(12,13)=3 $LSIALPHA

S6: STIFF(43,43)=2 £(LS$X2)SALPHA

57: STIFF(14,14)=6. SALPHA

58 : STIFF(14,45)s-3 SLSSALPHA

59 STIFF(15,15)=2 £(LS¥K2)8ALPHA
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60:
61 :

62:

64 : 20
65:
66:
57 :
468:

. b9: 30
70
71:
72:
73
74:
7S:
76 :
77
78:
79:
80 :
81:
82a:
83:
84
8S:
B6 :
87:
88:
89:
90 :
91:
92:
93:
94:
9S:
96 1
?7:
98«
99:

100:
101 :

102:
103:

104:
410S:

106

107:

108:

109:

140:

114,

448

143:

144:

145

146

17

148:

DO 20 I=1,44

KeI+g

DO 20 Js=K,4S
STIFF(J,)=STIFF(1,J)
CONTINUE

DO 30 I=i,1S

DO 30 J=1,15
MC(I,T)=0.

CONTINUE
MC(1,1)=156.84
MC(1,2)=22 SLS*A
MC(1,5)254 .24
MC(1,8)=—{3. 2LS¥A
MC(2,2)=4 . X (LSKX2) KA
MC(2,5)=13 &LSXA
MC(2,8)s-3 . $(LSE32)%A
NC(3,3)=156.%4
MC(3,4)=-22.8LS*A
MC(3,5)=54. %A
MC(3,8)243. SLSKA
MC(4,4)=4 X(LSEX2) XA
MC(4,5)=-13 SLSXA
MC(4,8)=-3. X(LSIE2) XA
MC(5,5)=342.2A+{S6XB
MC(S,6)=22. SLEXKB
MC(5,7)=54. 3B
MC(5,9)=-{3. XLEXB
MC(6,6)%4 . X (LEXX2) XK
MC(6,7)=13. SLEXB
MC(6,9)=-3 R(LEXX2) %B
MC(7,7)=312 %B
MC(7,10)=54 8B A
MC(7,11)=-43 XLEXB
MC(B,8)m16. B(LSKE2) XA

- MC(8,12)=-13 3LSXA

MC(B8,13)=-3 . S(LSEX2) %A
MC(8,14)=13 xLSxA
MC(8,45)=-3 . 2(LSEk2)%¥A
MC(9,9)=8_%X(LE%82)%B
MC(9,40)=43 SLEXB
MC(9,11)=-3 X(LEXX2)%B
MC(40,50)=4546. XB+312. %A
MC(10,11)=-22 XLEXB
MC(10,12)=54. %A
MC(10,13)=43 xL.S¥A
MC(10,14)=54 %A
MC(10,15)=-43 L SxA
MC(414,54)=4 s(LEX%2)%B
MC(12,12)=156.3A
HC(42,13)=22 xL8%A
MCC13,43)=4 S(LESK2)SA
MC(14,14)=455 . %A
MC(14,15)2-22 %L.S%A
MC(15,15)=4 8 (LSXkX2)%A
DO 40 I=1,14

Kel+4

DO 40 J=K, iS5
MC(T,I)=MC(2,])
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119
120
121
122:
123
124
12%:
1246
127:
128:
129:
130:
131
132
133:
134:
135:
13(:»;
137
13€:

40

S0

40

70

CONTINUE
DO S0 I=4,4S

DO S0 J=1,4S

MD(I,T)=0.

CONTINUE
MD(7,7)=MA+HB+M?
MD(7,8)=M9¥L9-MBALS
MD(8,8)=TAYY+MOB(LOXX2)+MIX (LIXX2)+IBYS4 IFYS
ND(9,7)=14XX+IBXS+19XS

DO 60 I=1,34

KeI+d

DO 60 J=K,4S
MDCJ,I)=MD(I,T)

CONTINUE

DO 70 I=i,4S

DO 70 J=1,45
MASS(I,J)=MC(I,T)+MD(I,T)
CONTINUE

RETURN

END

256




83
Sq.
$S:
s6:C
$7:
$3:
59
60:C
61:C
62:

63 :

(222222308322 23320302t 3tietidt st td sttt sidtisisissse st ds

4
x
x
X
X
X
3
x
x
X
X
x
x
X
X
X
X
x
x

SUBROUTINC OPLOQP (MASS,STIFF,EVAL ,EVEC)

MASS AND STIFF ARE THE INPUT M AND K MATRICES.
SUBROUTINE FIRST FINDS SIMILARITY TRANSFORMATION PHIL SUCH
THAT THE COLUMNS OF PHI{ ARE EIGENVECTORS OF MASS NORMALIZED
SUCH THAT

(PHI1)’ (MASS) (PHIL)=(IDENTITY) ¢’ DENOTES TRANCPOSE)

THEN FINDS ANOTHER SIMILARITY TRANSFORMATION PHI2 NORMALIZED
SUCH THAT

(PHI2)‘(PHIL) *(STIFF)(PHI1) (PHI2)=DIAG(EVAL)

WIERE EVAL ARE THE EIGENVALUES OF THE OPLN-LOOP SYSTEM,
1.£., THE SQUARES OF THE EIGENFREQUCNCIES.

FINALLY, THE PRODUCT
EVEC=(PHI1) (PHI2)

IS RETURNED - THE J COLUMN IS EIGENVECTOR OF OPEN-LCOP
SYSTEM CORRESPONDING TO J EIGENVALUE.

CUNTIL THE SECOND CALL TO SYMGRR, PHI2 IS USED FOR
INTERMEDIARY CAL.CULATIONS)

FPARAMETER N=15S

REAL MASS(N,N)

DIMENSION STIFF(N,N)

DIMENSION EVEC(N,N),EVAL(N)

DIMENSION PHIL(N,N),PHI2(N,N) ,PHIL{T(N,N),WORK(S00)

CALL MCOPY(MASS,PHIL,N,N)
CALL SYMQRR($601,PHI1,N,N,EVAL,UORK)
RENORMALIZE FIRST SIMILARITY TRANSFORMATION
DO 100 I=4,N

DO 100 J={,N
PHIL(I ,J)=PHI{(I,T)/SQART(EVAL(T))

100 CONTINUE

CALL MTRANS(PHIL ,PHIIT,N,N)
CALL MMULT(STIFF,PHI1,PHI2,N,N,N)

CALL MMULT(PHI4T,PHI2,EVEC,N,N,N)

CALL MCOPY(EVEC,PHI2,N,N)

CALL SYMQRR($701 ,PHI2,N,N,EVAL,HORK)

EVAL NOW CONTAINS THE SQUARES OF THE EIGENFREQUENCIES
CALL MMULT(PHI4 ,PHI2,EVEC,N,N,N)

EVEC NOW CONTAINS THE CDRRESPDNDING EIGENVECTORS AS
COLUMNS '

GO TO 900
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VBNV Ui

64:
6S:
66 :
67:
68 :
69:
70 :
71
72:

601 CONTINUE

WRITE(S,602)
602 FORMAT(1X,

GO TO %00
701 CONTINUE

CLUTCHED ON FIRST CALL TO SYMQRR‘)

WRITE(6,702)

702 FORMAT (11X,

73: 900 CONTINUE

74:

C75:

no

RETURN
END

*CLUTCHED ON SECOND CALL TO SYMRRR?)

SUBRQUTINE INVERS(A,N)

DIMENSION A<N,N),WORK(1000)

THIS SUBRDUTINE WILL CALL AINV FOR AN ACSL PROGRAM
AND IT WILL HANDLE THE ERROR TRAPPING

CALL AINVR(A,N,N,$100,WORK)

RETURN

HANDLE ERROR
CONTINUE
WRITE(6,1000)
FORMAT(1X,’

RETURN 0
END

BOMB 0UTS

KALKXEAXEXXRX INVERSION PROBLEM BERANKRXRBAKKXXKA ‘)
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1. SUBROUTINE MADD(A,R,C,L,N)

2:C THIS SUBROUTINE CALCULATES THE SUM A+B AND STORES THE RESULT IN C
3:C L = ROWS OF A AND R, N = COLS DF A AND B

4: DIMENSION ACL,N),B(L,N),C(L,N)

X DO 100 JY=1i,L

6: DO 1008 J=%i,N

7: C(I,J) = A(I,J)+R(1,T)

8:100 CONTINUE

@ RETURN

10: END

1: SUBROUTINE MMULT(A,B,C,L,M,N)
2.C THIS SUBROUTINE CALCULATES THE PRODUCT AB AND STORES THE RESULT IN C
c

3 L = ROWS OF A , M = COLS OF A AND ROWS OF B, N = COLS OF E
4 DIMCNSION ACL,M),BCM,N),C(L,N)

5 DO 100 I={,L

6: DO 106 J=1,N

7: C(1,J) = 0.0

8: DO 100 K=1,M

9 CC = ACI,K)XB(K,T)

10: © €(1,7) = C(I,J) + CC
11:400 CONTINUE ,

12 RETURN
13- END

1: SUBROUTINE MVMULT(A,B,C,M,N)

2:C THIS SUBROUTINE CALCULATES THE PRODUCT OF MATRIX A AND
3:C VECTOR B AND STORES THE RESULT IN VECTOR €

ry DIMENSION ACM,N),B(N),C(M)

S DO 100 I=1,M

6: C(I)=0.0

7 DO 100 J=i,N

8: CC=A(I,J)SR(T)

9 C(I)=c(I)+CC

10: 100 CONTINUE

11 RETURN

12. END

g " SUBROUTINE MTRANS(A,AT,M,N) _ .

2:C THIS SUBROUTINE CALCULATES A TRANSPOGE AND STORES RESULT IN AT
3:C M= ROWS OF A , N = COLUMNS OF A

a. . DIMENSION ACM,N),AT(N,K)

s, DO 100 Jei,M

6: DO 100 I=1,N

7: AT(I,I) = A¢J, 1)

8:100 CONTINUE

9 "RETURN
10: _ END
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“ana

CONGWaWn»

o0

CONOWLip»

g:
2:C
3:C
4:
S:
6:
7
8.
9

10.
11:.

SUBROUTINE VADD(A,B,C,M)
THIS SUFROUTINE CALCULATES THE SUM OF VECTORS A AND B AND
STORES THE RESULT IN VECTOR C

DIMENSION A(M) ,B(M),C(M)

DO 100 I=1,M

C(I=A(I)+B(I)
100 CONTINUE

RETURN

END

SUBROUTINE VTRANS(A,AT,M)
TiIIGS SUBROUTINE CALCULATES THE TRANSPOSE OF VECTOR A AND

STORES THE RESULT IN MATRIX AT
DIMENSION A(M),AT(L,M)
DO 100 I=§{,M
AT(1, D=A(])

100 CONTINUE
RETURN
END

SUBROUTINE MCOPY(A1,Bi,M,N)
THIS SUBROUTINE COPIES A INTO B
(BOTH ARE M ROWS BY N COLUMNS)
DIMENSION A1(M,N),Bi(M,N)
DO S00 Isi,M
DO 200 J=i,N
, B1(I,J7)=A1(I,T)
200 CONTINUE
S00 CONTINUE
RETURN
END .

SUBROUTINE MPRINT(A,M,N,NCHAR,TEXT)
THIS SUBROUTINE PRINTS A MATRIX WITH TEXT AS A HEADING
M = RONS OF A , N = COLUMNS OF A ‘
DIMENSION ACM,N),TEXT(S0)
IREM=MOD(NCHAR,6)
IF(IREM.EQ.0) NWORDS=NCHAR/6
IF(IREM.NE.0) NWORDE=NCHAR/6 + &
WRITE(6,40) (TEXT(I),I=1,NWORDS)
FORMAT(//1X,50A&/7)
DO 100 I=f,M
WRITE(6,20)(ACI,J),T=1,N)

-42:400 CONTINUE

FORMAT(SX ,44612.9)
WRITE (6,30
FORMAT (/7)
RETURN

END
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APPENDIX E
NUMERICAL OUTPUTS FOR THE SIMULATION OF ADAPTIVE CONTROL DURING

SHUTTLE HARD DOCKING TO FOUR-PANEL SPACE STATION
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